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AN

This dissertation describes the development of new

techniques for calibrating a microwave automatic network
analyzer (hereafter ANA) for complex reflection measure-
ments. These techniques promise significant advantages
for miniature connector systems. They include the use of
an experimentally-derived characterization of an APC-7
open-circuit termination as a high-reflection calibration
standard, adapter correction based on low dissipative
losses, and a length of transmission line instead of a
sliding load or fixed termination as a low-reflection

standard.

Gains afforded by :nese new techniques are reduced
operator intervention during calibration, less wear of

the measurement port connectors, lower equipment and

maintenance costs, and calibrations referenced to standards

truly relevant to the interconnecting transmission medium,
Computer memory requirements are increased, but the cost
of the increase is insignificant compared to the cost of
microwave instrumentation., Slightly longer calibration

times are offset by reduced demands upon operator skill,

Methods of extending these calibration techniques

to full two-port measurements will be discussed.
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ABSTRACT

This dissertation describes the development of new
techniques for calibrating a microwave automatic network
analyzer (hereafter ANA) for complex reflection measure-
ments. These techniques promise significant advantages
for miniature connector systems. They include the use of
an experimentally-derived characterization of an APC-7
open-circuit termination as a high-reflection calibration
standard, adapter correction based on low dissipative
losses, and a length of transmission line instead of a
sliding load or fixed termination as a low-reflection

standard.

Gains afforded by these new techniques are reduced
operator intervention during calibration, less wear of
the measurement port connectors, lower equipment and
maintenance costs, and calibrations referenced to standards
truly relevant to the interconnecting transmission medium.
Computer memory requirements are increased, but the cost
of the increase is insignificant compared to the cost of
microwave instrumentation. Slightly longer calibration

times are offset by reduced demands upon operator skill.

Methods of extending these calibration techniques

to full two-port measurements will be discussed.
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INTRODUCTION

The HP 8542B ANA has been the laboratory standard
of one-and two-port microwave measurement systems for
frequencies up to 18 GHz since its introduction to the
electronics marketplace in 1969. Its function is to make
highly-repeatable frequency-domain measurements of precise
standard terminations, to compute a set of error cor-
rection coefficients from these data, to apply these cor-
rections to measurement data of unknown devices, and to
output the results in one or more of the many tabular or
graphic formats available. 1In spite of the ANA's twelve-
year availability, its calibration procedures have re-~

mained essentially unchanged.

The purpose of this dissertation is to present
innovative calibration techniques developed during the
research for this project. These techniques offer sig-
nificant benefits compared to the previous calibration

procedures.

For one, an experimentally-derived characterization
of an APC-7 open circuit's frequency dependence, which
very closely corroborates a theoretical characterization
(Ref. 1), permits the elimination of offset short circuits
as high-reflection calibration standards. Open circuits
offer at least two major advantages over offset shorts.

First, a single open circuit can be used in a wide-band
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calibration (i.e., 2-18 GHz), obviating the need for
connection of several offset shorts (one for each band,
2-4, 4-8, 8-12,.4, 12.4-18 GHz). As a result, wear of the
connectors at the measurement port can be reduced sig-
nificantly. Connector wear is the fundamental limit on

the usefulness of the "stored calibration" principle,

Second, the length of each offset short represents
the A/4 plane only at the center frequency of each band.
Thus, the use of offset shorts can lead to band-edge loss

of accuracy.

Further, the adoption and implementation of an
adapter correction procedure theorized by A. Uhlir, Jr.
(Ref, 2), provided a means by which an APC-7 calibration
can be extended for use in any other transmission format
without the need for a complete calibration kit in that
format., Calibration kits are very expensive and, in the
case of SMA (Figs. 90 and 91 show sectioned views of
typical SMA connectors and line), the components are
extremely delicate, sensitive to wear, and easily damaged
even when handled with care. Their use also shortens the
useful life of the adapter as a tool for precise measure-

ments.

Furthermore, the employment of a fixed load and a
fixed length of transmission line in the exact measurement

medium, as a replacement for the air sliding load as a

zero-reflection standard, eliminates the discontinuity

;
i
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errors or ambiguity inherent in attempting to define zero-
reflection in a dielectric filled medium (i.e., SMA) with
an air-dielectric standard. In addition, the incorpo-
ration of a double running average technique to cancel the
effect of reflection residuals of the load and line e-
liminates the errors (or, more rarely, divergences) in the
circle-fitting routines incorporated in the standard

software for the system.

The combined effect of these developments is to
lessen operator interaction, to decrease wear of the
measurement port connectors, to reduce the number of
required calibration standards, and to diminish certain
systematic errors. Thus, the changes presented here im-
prove the functioning of automatic microwave network ana-

lyzers and extend their applicability to a wider variety

of transmission media.
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GENERAL BACKGROUND

The Hewlett-Packard HP 8542B automatic microwave
network analvzer (ANA) is the basis for this research
although the techniques developed here can readily be
adapted for use with other microwave measurement systems.
This ANA is a versatile transfer-function measurement
system which can make rapid, highly accurate, repeatable
measurements of scattering parameters from 110 MHz to 18
GHz in all coaxial and waveguide formats for which
standard impedances are available for calibration purposes.

This research broadens the domain of suitable standards.

All the research for this document was conducted
using the HP 8542A ANA at M.I.T.-Linclon Laboratory which
has been updated and modified to be essentially egquivalent
to an HP 8542B. The most important feature of this

updating is crystal-controlled frequency synthesis.

In addition, this system contains several options
which make it as powerful and convenient as any more
recently developed systems. Three options which proved
invaluable throughout this project are the 8500A System

Console (Maxi System), the TODS-II Test Oriented Disc

System, and the Versatec Matrix 200 plotter.
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The 8500A System Console consists of a keyboard,
control panel, interface unit, display generator, large-
screen CRT display, track ball, and alpha-numeric printer. ’
The TODS-II Disc System provides storage of and ready
access to source and data files. A core resident monitor
program performs directory search, program loading, and

control of the operator terminal. A hard copy of both

TR RS

alphanumeric and graphic data can be obtained from the
Versatec Matrix 200 Plotter. A block diagram of the

total system is displayed in Figure 1.

All the controlling computer programs were written
in Hewlett-Packard combined ATS and ANA BASIC which
offered full measurement, computational and output flexi-
bility, required no compilation, and enabled instantaneous
line-by~line editing from the operator console. The
programs assume that the TODS-II Disc System is available
and require at least 8K of usable core memory. They
perform all the necessary manipulations for storing data,
controlling RF measurements, computing correction coef-
ficients, applying the corrections to Device Under Test
(DUT) data, and outputing the results in an appropriate

format for meaningful interpretation.

_— R
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The use of BASIC will permit the programs to be
adapted to newer ANA models which are exclusively
programmed in variants of BASIC, (The HP 8542B would ,

operate faster and have more available memory if the

—

programs were written in FORTRAN.)

™
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FREQUENCY CHARACTERIZATION OF APC-7 OPEN-CIRCUIT

REFLECTION

Open-circuit coaxial standards have been generally
used only at relatively low frequencies (below 2 GHz)
where frequency dependence of phase can be approximated
as linear. It appeared that an open circuit would be an
excellent reflection standard at all the usable frequenc-
ies of the ANA (up to 18 GHz) if a highly accurate,
reproducible phase characterization could be experi-
mentally obtained. Recently, a theoretical analysis of
the open-circuit capacitance and its frequency dependence
has been reported (Ref. l1l). Measurements in 7-mm pre-
cision coaxial line, included in that report, were con-
sistent with the theory, but not quite accurate enough
conclusively to discriminate against previously reported

values.

The HP 8542A ANA used to make the experimental
measurements for Ref. 1 did not have the capability of
generating synthesized frequencies referenced to a quartz
crystal and accurate to 1 part in 107 as did the HP 8542B
analyzer used for this research. As a result, a more
exact experimental corroboration of the theoretical values
will be presented. It will also be noted that the rela-
tive frequency variation of the "effective position" is

smaller than that of the "effective capacitance".

T TR AR e SRR R 2 S S, e B e T T
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Open circuits are especially convenient high
reflection standards when used along with short circuits
in the wide band (i.e., 2-18 GHz) calibration of ANA's
since the attachment of several different offset shorts
(one for each frequency band, 2-4, 4-8, 8-12.4, 12.4-18
GHz) becomes unnecessary: the result being a significant
reduction in wear of the measurement port connectors.
Additionally, since the length of each offset short
represents the A/4 plane only at the center frequency of
each band, their use can and does lead to noticeable
band-edge inaccuracies. These inaccuracies are illus-
trated in Figs. 2-4, which represent the reflection
measurement of an APC-7 open circuit using a standard
carefully performed GPM1l calibration of the ANA, Since
it is reasonable to expect the reflection of an open
circuit to be smooth with respect to frequency, any
discontinuities would have to result from the calibration.
As can be seen, when the marker was placed on each of these
discontinuities, the frequencies returned by the analyzer
were indeed 4, 8, and 12.4 GHz. Use of the open circuit
instead of offset short circuits should eliminate these

anomalies,

Since the profits to be gained by obtaining an
accurate reflection characterization of the open circuit

seemed so substantial, research was conducted in the
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following manner. The HP 8743A Reflection Test Set
(which had been selected for extended frequency use to

18 GHz) was employed throughout.

The trombone delay line of the 8743A was adjusted
so that the time delay of the reference path was sub-
stantially equal to that of the signal path. This was
accomplished by manually sweeping the 8-12.4 GHz frequency
band, and adjusting the delay line until the display of the
reflection for a zero-plane short circuit on the HP 8414
Polar display approximated a dot. This precaution mini-

mizes the effect of frequency jitter, if any.

A standard HP 7-mm calibration kit and air sliding
load provided the necessary reflection standards Tur the
calibration of the ANA., Previous measurements made with
this calibration kit laid suspicion that the actual con-
structed lengths of the offset shorts differed from those
specified (Ref. 3). Therefore, the offset shorts were
measured using a Starrett Model 653P Dial Comparator.
Several measurements were performed around the center con-
ductor of each offset short to establish that the shorting
plane was indeed perpendicular to the line (no exceptions
were noted). However, Table 1 shows that the nominal
lengths differed from the measured lengths by as :+ ch as

.12-mm, As a result, the measured lengths were used in all

calculations,
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Offset Nominal Measured Difference
Number Length (mm) Length (mm) (mm)

4 63.44 63.32 .12

5 31.70 31.65 .05

6 18.66 18.58 .08

7 13,36 13.29 .07

Table 1 - Nominal and measured lengths of HP APC-7

offset shorts.

25
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To obviate the possibility of interaction between
zero-length short circuit and the APC-7 bead, offset
shorts were used for both the reference plane and the
offset reflection plane. Special software was developed
using the HP error-correction algorithms but which allowed
specification of the offset lengths for both planes.
Corrected reflection measurements were then made of the

open circuit.

Special attention was given to frequencies where
the difference between the two offset lengths was nearly
A/4, where calibration accuracy is expected to be optimum.
For each of these frequencies, four sliding load measure-
ments were taken, each with the load displaced by A/8. A
complex average of these measurements was then used to
establish the residual reflection. This technique
differed from HP's which uses a circle fitting routine to
find the residual. In some cases, where the load ap-
proaches ideal and noise is present in the measurements,
HP's circle-fitting routine could diverge and thus give a
defective calibration, The complex average, however, can
never yield a result worse than the largest single
measurement in the average, and clearly cannot suffer from
inaccuracies due to divergences. Principal weight was
given to each of the favored frequencies mentioned and to
the fact that the phase of the open circuit must be zero

at zero frequency in the curve fitting. However, a-
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greement at other frequencies was found to be so good that

these precautions may not have been necessary.

Using standard linear regression techniques to
reduce the data, the following frequency characterization
was obtained, where A¢ is the excess (capacitive) phase of
the open circuit, in radians, and f is frequency in

megahertz:

5

Ad = (5.02 x 10 )f +

This result implies that the
open circuit lies beyond the

conductor by a distance d4(f)

a(f) = 1.198 + 2,69 x

14

(1.126 x 10°14) €3 (1)

"effective position” of the
physical end of the center
in millimeters given by:

10710 ¢2 (2)

For comparison with other work, the effective

capacitance is calculated from

1 A
Ce = N tan 1} (3)
o

27 (£x107)2

where zo is characteristic impedance of the transmission

line being used.
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The empirical results for the effective position and
effective capacitance are tabulated in Table 2 along with
the theoretical results given in Ref. 1, where the interpo-

lation formula

c, = 79.70 A - (£/34450)2 (4)

is suggested.

Table 2 shows that representation by effective
position (beyond the physical end of the center conductor)
is less frequency-dependent than the effective capacitance
representation. Thus, the effective position varies by 7
percent, while the effective capacitance varies 18 percent,

from 0-18 GHz.

From similitude, the effective position (or capaci-
tance) for 1l4-mm line (at half the frequency) should be
twice that for 7-mm line. The 14 mm GR900-WO open circuit
has a closed end, however, while the 7 mm open circuits in
general use have open ends. By applying similitude to
measurements on closed-end 7-mm open circuits, we find
that no measurable difference in effective position could
be attributed to this constructional difference. Thus,
the effective position for l4-mm line would range from

2,40 mm at 1 GHz to 2.57 mm at 9 GHz. This range falls

within the specifications for the GR900-WO (2.40 -~ 2,80 mm)

R S
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and leads to a much tighter definition of the 14-mm open

circuit than one could hope to establish with a precision

slotted line.

The empirical characterization of the open cir_uit
presented here was undertaken prior to the publication of
the theoretical frequency dependence. 1Initial close a-
greement between the two characterizations was so im-
pressive, when the nominal lengths of the offset shorts
were used, that we were inspired to measure the offset
shorts. The substitution of these measured lengths for
the nominal lengths reduced the difference from 3 percent

to less than 0.5 percent between the two characterizations.

Also, ANA calibrations ordinarily include a flat
short circuit placed directly at the connection plane of
the conductor. The characterization of the open circuit
was repeated using this more conventional standard along
with the measured offset short circuits. Over the 2~18 GHz
range, the deviation in reflection phase between this
characterization and the previous one was nowhere greater
than 0.5 degrees (See Table 3). This observation indi-
cates that interaction between the zero-plane short and

the measuring port bead is negligible.

Based on these results, it is apparent that

frequency-corrected open circuits can replace offset

- N P ST b oo « e gy | o
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Measurement of
open circuit phase
based on zero-plane

short circuit -Ad,
Frequency calibration Eq. 1
(MHz) {degrees) (degrees)
2000 -5.9 -5.8
3000 -8.4 -8.7
4000 -11.0 -11.5
6000 -17.2 -17.4 1
8000 -23.3 -23.3
10200 -29.7 -30.0
12000 -35.8 -35.6
12400 -36.7 -36.9
14000 -41.6 -42.0
14600 -43.7 -44.0
16000 -48.5 -48.7
18000 -55.3 -55.5

Table 3 - APC-7 open circuit phase measurements based on

zero-plane short circuit calibration compared

to empirically derived Aé¢. l
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shorts as high reflection standards with no loss of phase
accuracy, compared to the specified accuracy of the

HP 8542B (reflection phase, from 1° at 2 GHz to 1.5° at
18 GHz).

M- - ".\.,;.--ﬂ!“%,mm-_, - A T ————

B A e I e N P i s ot o




A &

A ara S o AR G A 0

33

ADAPTER CORRECTION

Since the HP 8542B is equipped with APC-7 precision
connectors, the discussion of the previous section shows
how a wide-band calibration can be accomplished without
the need for multiple connections of offset short circuits
in this primary connector system. However, there are so
many different kinds of transmission-lines, waveguides,
and connector types in general use today that it would be
entirely impractical to construct a measurement system
based on each type available. Therefore, the only reason-
able solution to this measurement dilemma is to perform
these measurements through passive, reciprocal adapters
which form a transition between the primary connector
system and that of the DUT (secondary connector system).
The present method for carrying out measurements in the
secondary connector system requires that a complete cali-
bration be made (including offset shorts) in this con-
necting system. As a result, this technique requires that
a complete calibration kit be maintained in every con-

nector and transmission format used in measurements.,

The cost of obtaining and maintaining an extensive
inventory of these calibration kits is astounding and can
be prohibitive when appreciable engineering is required to

design and prove them. For example, all the arguments

e —
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presented in the previous section against the need for

connection of several offset shorts in APC-7 applies even

more dramatically to SMA lines which are more delicate and
easily damaged. Wear of these connectors is an important
factor and, ideally, the adapters and standards would

. have to be replaced at frequent intervals. The cost of

this proposition makes it impractical and unrealistic for
most applications. Aside from this cost factor, any pro-
cedure requiring many interconnections for each calibration

may be unreliable when wear is of primary concern.

Of course, all measurements depend upon the quality

of the contacts made to the actual DUT. The probability
of acquiring an accurate calibration would definitely be
increased, however, if fewer contacts are made during
calibration. The technique put forward in the previous

section of using an open circuit characterization to

replace the offset shorts, is equally impractical, because
a different characterization would not only have to be

made for each connector type, but also for each sex of

nection would enter into some of the open-circuit charac-

1

i

|
type. Pin lengths of no inherent significance to the con- i 4

|

terizations and would, therefore, have to be controlled.

Further complicating the problem would be the

questionable propriety of mating an air open=circuit

» N L . VAl T M e T S e s A e S
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standard to a dielectric-filled connection system, A
theoretical characterization would, at least, be more

difficult than the case already solved.

For these reasons, an alternative approach of ac-
counting for the adapter calibration was adopted. It
employs the approximation of treating the adapter as dis-
sipationless (Ref, 2). This approximation is not at all
unreasonable since all precision adapters are constructed
from good dielectrics and good conducting‘surfaces. Under
the dissipationless assumption, one needs only a zero-
reflection standard to adjust for chart center and a zero-
plane short circuit to define phase at the secondary port

connector.

As prescribed by this adapter correction technique,
the ANA is calibrated for reflection measurements at the
primary connector port according to the methods described
in the previous section. Then the adapter is attached and
connected with what is assumed to be an ideal termination.
This ideal termination can be simulated by a precision
fixed load, an air sliding load or by an improved tech-
nigue where a line and fixed load are computer averaged as

discussed in a later section under Doukle Running Average.
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For each frequency, a measurement is maue of the
thus-terminated adapter, corrected with respect to the
primary connector calibration and stored as ML' Then the
adapter is terminated with a zero-plane short circuit, the
same type of correction measurement is accomplished and
stored as Ms. Lastly, reflection measurements are made on
the adapter and DUT, likewise corrected with respect to
the primary connector port and stored as MD’ Then the
computer performs the necessary manipulations to correct MD

for reference with respect to the secondary connector and

represented by the reflection PD.

By letting S represent the scattering matrix of the
adapter where port 1 is the primary connector and port 2

the secondary, then
My ESutros oo (3)

After applying the principles of reciprocity and conser-
vation of power the following formula for adapter cor-

rection is derived (Ref. 2).

Mp - My, L-328
*
1 - MM

T =

D (6)
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where Mi is the complex conjugate of M

L
factor, e-Jze, is now to be determined.

and the phase

~—

With the short circuit as a phase reference, FD

must be equal to -1. Therefore, substituting M_ for MD

S
and -1 for FD one obtains:

M, - M .
-1 = S L* e~J28 (7)
1 - MS ML ‘
)
or
*
. l -M_M
=326 _ S L (8)

ML - Mg

* . .
where ML’ MS’ ML' ML are all known, allowing calculation

of phase factor e-326.

If El represents the computer calculation of

M- M )

then the complete complex solution for the adapter cor-

rection becomes

[E1)] (10)
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Since le—jzel must always equal 1, and, because
limitations on significance in computer calculations may
not yield a result where [Ell = 1, El is normalized by
dividing El by its magnitude |El| before applying it to

the final adapter correction.

The analysis has been presented for a single
frequency. The computer can easily perform these ma-~

nipulations for many frequencies in little time.

Since a great proportion of analyzer measurements
are being accomplished through adapters to other con-
nection formats, such as SMA, this technique drastically
simplifies calibration procedures for secondary connector
types. In addition, it reduces the chances of error in
calibrations of connector types, such as SMA, which are
extremely susceptible to lossy connections, by requiring
connection of fewer standards in that format. The ac-
curacy of all measurements are limited by the quality of
the DUT connections, but calibration errors due to possi-
ble poor connection of multiple standards is minimized.
Furthermore, a recalibration is not necessary when the
adapter type is changed. Only the measurement of the new a-
dopter terminated by, first, its matched load, and, second,
its zero-plane short circuit need be reaccomplished in
order to modify the adapter corrections for the new con-

nector type. This feature offers the advantage of a great

W re
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time savings when measurements are to be made in more than

one connector or transmission format at the same time.

Considerable interchanging of adapters is necessary
for the measurement of non-insertable two-ports (e.dq.,
devices with two connectors of the same sex). The ap-
plication of the adapter correction technique to this case

will be discussed under Extension of Adapter Correction to

Two-Port Device De-Embedding,

e e —————— o - -




e

40

CHARACTERIZATION OF PERFECTLY MATCHED TERMINATION

In the absence of a perfectly matched termination
in the real world, beadless air-dielectric sliding loads
have been the standard of choice for calibrating the
HP 8542B ANA. Three or more measurements must be made on
the sliding load at each frequency. Then a circle fitting
algorithm (CENT) must be applied to find the center of the
complex circle circumscribed by these points (the center
representing the reflection of an ideal load) (Ref. 6).
There are at least four major drawbacks to this method of

characterization,

First, in using a sliding load for measurements
over wide frequency bands, three positions will not suf-
fice for accuracy. Four or five measurements at each
frequency are required and choosing the length of each
slide so that the measurements form a relatively well
defined circle at all frequencies is no trivial matter.
Second, the CENT program used for the circle fitting can
diverge and introduce large errors, when used to fit data
collected on a load which approaches perfect at some
frequencies and which may be displaced by noise in the
measurements. The above problems have been studied (Ref. 7).
That is, the optimum pattern of slides to minimize the

errors introduced by the CENT program has been sought for

e e AR S TR SN <, . e SeeerB s
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broad-band calibration. In addition, of course, one must

expect errors in the measurement process.,

Third, this established method of calibration makes
no use of information at other frequencies to assist in
the calibration at any particular frequency. Fourth,
some connection systems (e.g., the popular SMA system)
are based on the concept of complete filling with a solid
dielectric (¢ & 2,08) throughout the connectors and
transmission line. The use of an air-dielectric sliding
load as a standard in a solid-dielectric transmission
format can be expected to lead to measurable error at
relatively high frequencies within the operating range of
this connection format. Ideally, the reflection coef-
ficient of a standard should be specified with respect to
the transmission system used to interconnect the com-

ponents or DUT.

The last problem could be addressed by applying
a correction when an air-dielectric standard is used. The
diameter changes implied by a dielectric constant can be
expected to lead to a discontinuity capacitance at the
transition from dielectric to air. This disce~tinuity
capacitance can be theoretically estimated and applied as

a small correction, its importance increasing with

frequency. Our experimental investigations of this matter

s ——— vo——
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quickly showed that practical connectors introduced much
larger discrepancies (with more complicated frequency
dependence) than the estimated discontinuity capacitance.
As a result, it was considered all the more important to
be able to use practical terminations as low reflection
standards, when evaluating devices intended for use with

such interconnecting systems.

The policy of using a physical transmission line
and a fixed load as a standard of zero reflection has long
been advocated for swept-frequency measurement of re-
flection magnitude (Refs. 8, 9, 10). These methods only
had the capability of dealing with reflection magnitudes
and were not capable of extracting phase information from
the measurements. On the contrary, implementation of a
similar policy on the ANA is not only convenient, but is
also capable of performing and recording phase measure-

ments,

A time~domain reflectometer has been synthesized
in software (TIMED) by Fourier transformation of re-
flection data obtained in the frequency domain with an
ANA (Ref., 11), 1In the time domain, the reflectinon from
an imperfect termination of a finite length of transmission
line can easily be identified. One could replace this

time~domain reflection by an extrapolation equivalent to a

. RVGCRG T = S e T e
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perfect termination. The inverse Fourier transform would t
then provide, at all frequencies, the equivalent of cali- !

bration measurements on a perfect load. \
The discussion of TIMED indicates that wide-band
measurements of a fixed length of imperfectly terminated

transmission line should contain the information necessary

to characterize a perfectly matched termination. However,
the present research has established the validity of a
simpler method, using only frequencies in the general
vicinity of the particular frequency of interest (frequen-

cy window).

Recently, the development of 3.5 mm air-dielectric
line (WSMA) was purported to relieve "nagging SMA
measurement problems" (Ref. 12). However, this approach
still does not avoid the compromise of defining a zero
reflection standard for a dielectric environment using air
lines as standards. The method to be presented here
provides a practical solution to all of the four problems

mentioned above.

The errors in the reflection measurement are

assumed to be linear, as in the present calibration pro-

cedures for the HP 8542B. The ultimate goal is to determine |

the uncorrected reading that would be given by the system

if a perfect load was obtainable: "perfect" here meaning

a match to the intended connecting system. Since no
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"perfect load" is physically available, this is ac-
complished by making a corrected measurement of reflection
for a practical load. This reading will be referred to as
the reflection residual of the load or, simply, residua
(FR). After these measurements are acquired for each
frequency, they can be applied as corrections to measure-
ments on DUT's thereby synthesizing a "perfect load"

reference,

The method of characterizing a perfect load (without
resorting to Fourier analysis) is based on the assumption
that the system errors vary relatively slowly with frequen-
cy. Relatively slowly means that the round-trip re-
flection delay time T for the transmission line being used
as a standard is such that the variation in the system
error may be neglected over a frequency interval 1/T.

Also assumed is that the imperfect termination has a re-
flection coefficient whose magnitude also varies rela-
tively slowly with frequency in the same sense. The re-
flection coefficient of the load is considered to include
that of the connector used to attach it to the end of the
transmission line. Even with this inclusion, the frequen-
cy dependence of the physical load would be expected, on

the grounds of small size and nonresonant design, to be

less of a problem than the system errors.
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The input reflection coefficient of such a termi-

nated line of electrical length & would be

e—2a£ e-ZJBl

r = r (11)

L

where a is the attenuation cbnstant, B is the propagation
constant (R * f where R = 2,0965 x 10-4 radians/MHz/cm in
air and f is frequency in MHz), and FL is the reflection

coefficient of the imperfect load. Substituting R * £

for B and rearranging Eq. (11) vields

-2af _=-2jRLf
e e

[ = r (12)

L

If the frequency dependence of a, R, and FL can be neg-
lected, the input reflection will describe a circle as
frequency is varied. The average of this complex re-
flection over a frequency interval 1/T (frequency

window) , being the center of this circle, will vanish,

However, because the reflectometer used for
measurement is not perfect, the input reflection will
still trace a circle, but the center of the circle will
be offset from zero due to system errors. The input re-

flection can be represented as
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- -2jRRE
r = FR + Ae FL (13)
202 jeL

‘-

where A = e~ and T, = |FL|e . If the frequency

dependence of FL is neglected over one cycle, eL is a
constant, and FR is the center of the circle representing

the system error and is usually accepted as being an

approximation to the uncorrected measurement of a perfect

load.
The real and imaginary components of I' become
Re [T] = Re [T ] + AlFLI cos (2R - 6,) (14)
and
Imag [T] = Imag [T) - AIFL| sin (2RLf - 6,) (15)

which are clearly the sum of a constant (reflection
residual or system error) and a sinusoidal component

(ripple factor) caused by the imperfect load.

Since the network analyzer is capable of making

complex reflection measurements, a rather simple algo-

-——
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rithm can be used to average out the sinusoidal com-
ponents. This running average is, therefore, equivalent
to applying a low-pass* filter yielding an adjusted
r. = FR which can now be used to correct for the re-

a
flection residuals (system error).

Two variations of this running average technigue
were investigated for this project and each will be
described in detail shortly. A Single Running Average
Technique was effective, but required a minimum of 23
points per cycle for the average. However, a Double
Running Average became the filter of choice for the new
HP 8542B calibration technique, because it offered the
same effectiveness as the Single Running Average while

only requiring 10 points to compute the average.

The initial attempts to apply the above procedures
(calculating the Single Running Averages of the real and
imaginary parts of the uncorrected reflection coefficient)
did not work well at all. The system errors, particularly
in Ku band, did not satisfy the condition of being slowly
varying over the 168 MHz frequency interval required by
the reference line of 89.4 cm., electrical length used.

The prospect of using a longer line and closer spaced

frequencies was unattractive.

£ 2
low-pass in the time domain
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Fortunately, it was conjectured subsequently that
these variations must be caused by echos within the long
lines inside the analyzer and were, therefore, a part of
every uncorrected or raw measurement. Consequently,
complex division of any raw measurement by the raw re-
flection measurement of a short circuit should eliminate
these variations greatly reducing the frequency dependence
of the errors. 1In fact, this relatively simple partial
correction of normalizing by division did suppress the
apparent echoes and revealed the sinusocidal periodicity
well enough to conduct a plausible running average. One
can remultiply the averaged quotient by the raw measure-
ment of the short circuit to establish the "raw measure-
ment"” one would have obtained if the reference trans-
mission line was terminated perfectly. Of course, any
high-reflection standard could be used for the normal-
izing. This concept afforded the possibility of cali-

brating the ANA without the need for a sliding load.

Figure 5 shows the real part of a normalized re-
flection coefficient measurement of a terminated SMA line
with an electrical length of 89.4 cm. superimposed by
the single running average. Normalization was accomplished
by dividing the uncorrected measurements by the uncor-
rected measurements of a short circuit placed at the SMA

end of the adapter. The Single Running Average is based
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on 23 points equally spaced in frequency. Thus, the
imperfections of the load are manifested in the variations

having a period of 168 MHz in the frequency domain.

It was initially hoped that this technique of
employing a running average could be adopted as a general
replacement for sliding loads, but subsequent experi-
mentation revealed that for APC-7 lines with their excel-
lent impedance characteristics, precision connectors, and
air environment, the established method of employing a
sliding load for characterization could not be improved
upon. Therefore, the sliding load technique was retained
for APC-7 calibrations. However, for connection systems
such as SMA, where the dielectric filling and the extreme
fragility of sliding loads makes the whole concept of
referencing against transmission lines more relevant, the
results were remarkably satisfying. As a result, the
averaging technique was adopted to characterize a perfect

load for the adapter correction sequence.

Hence, the following calibration procedures for the
HP 8542B were developed. The system is first calibratead
in APC-7 using the short, open, and sliding load as
standards at all measurement frequencies for APC-7 or at
all frequencies necessary to perform a running average for

adapter corrected measurements. If adapter correction is

wrorim IR R N ey TR e : -
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called for, then measurements are made on the adapter and
short and then on the adapter and transmission line
reference. These measurements are then corrected against
the APC-7 calibration. Since this step corrects the trans-
mission line measurements for system errors, it became
unnecessary to perform the normalization described earlier
while still attaining the same results. The Double

Running Averade is then computed and stored.

Measurements are then carried out on the-adapter
and DUT at the ultimate frequencies of interest, corrected
against the APC-7 calibration, and then adapter corrected.
The results are output in any of a variety of formats.
Repeat measurements can be readily performed on the same

adapter without recalibration.

Another important factor is that when employing
a computer with sufficiently large storage capacity, a
change of adapter can be achieved by simply redoing the
adapter correction sequence, Present procedures for
HP 8542B require a complete calibration in the new trans-
mission format, an extremely tedious operation with ever
present hazards of normal wear, or of abnormal wear on
adapter or standards from misconnection or improper

ti.r . tening.
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The new calibration procedures described here offer
the following advantages. The number of standards in the
APC-7 cal kit are reduced, calibration kits in other trans-
mission formats become unnecessary, sliding loads other
than APC-7 are eliminated, and operator interaction is
reduced. The benefits far outweigh the relatively minor
drawbacks of slightly longer computation time and the
increased computer memory (a very inexpensive commodity

today) .
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SINGLE RUNNING AVERAGE

The Single Running Average was the first filtering
technique investigated for this study. Even though it was
eventually abandoned in favor of the Double Running Aver-
age (to be discussed later), valuable information was
gained during the experimentation which was directly bene-
ficial to the application of the Double Running Average.
It is of significance to note here that the Single Running
Average was not replaced because it did not function well,
but because it required a minimum sample size of 23 points

per cycle in order to work adequately.

Figure 5 shows the corrected real component of a
reflection measurement of a terminated 89.4 cm SMA line
superimposed with its Single Running Average. Twenty-
three samples per cycle were used, and, as can be seen,
the ripple factors are diminished to an extent that they
are rendered invisible. In Fig. 6, the real component for
the same line is presented superimposed by a Single
Running Average with a sample size of 21 points per cycle.
The ripple factor has clearly become visible in this plot.
After thorough investigation, the conclusion was reached
that a minimum of 23 samples per cycle were required for

the single running average.
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Fig. 6. Results of Single Running
Average using 21 points
per cycle.
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The Single Running Average was set up and computed

in the following manner. A frequency window, AF, was !

chosen such that 2R% AF = 271 and then the input reflection T

is measured at n equispaced points, fl""'fn’ separated

by a frequency interval, Af, where n > 23 and odd such
that (n-1)Af = AF. The real and imaginary components of T
are then averaged over AF weighting the redundant end
points (Fig., 7a). These end points were weighted by 1/2,
and their combined total treated as one point to obviate
the chance of biasing caused by the redundancy. The si-
nusoidal ripple factors vanish leaving an adjusted T = FR
for £ _, the center frequency of AF (Fig. 7b).
2

Two separate and distinct methods of employing the
Single Running Average were developed, each having its own
advantages under different circumstances. The first
method, called discrete running average, was set up by
simply measuring T at EglAf frequency intervals each side
of the frequencies of interest (FI's) and applying the
algorithm exactly as described above. This method was
particularly suited for wide band measurements where the

FI's are far apart (where difference between adjacent

FI's > AF). Indeed, the discrete running average was

adaptable to most any interval of FI's, but suffered from

the following disadvantages, First, a minimum of 23 dis- !
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tinct measurements were required for each FI resulting in
the need for large amounts of computer storage for compu-
tation. Also, since the complete algoithm had to be com=-

puted for each frequency of interest, the algorithm was

—— o —
.

o Y. .

rather slow.

A second method, called a sliding running average,
was conceived which could handle the special case where the
difference between adjacent FI's = Af. Thi- algorithm

was particularly saitable for relatively narrow-band

measurements and oftered the advantages of reduced storage

requirements and remarkably faster speed,

For the first FI (FIl), the discrete method was
used to compute the running average. However, since the
difference between adjacent FI's equals Af, the calcu-

lation of the algorithm for FI2,..., FIm was much simpler.

Since
: r‘f /2+I‘f +1"f +....+I‘f +I‘f /2

r = 1 2 3 n-1 n (16)
FI n -1

1
and

T, /2 + T + T + v.e. T + T /2

. ) f2 f3 f4 fn fn+1 (17)
FI2 n -1

Ao
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. . 1
Then PFIZ c%?;d be quickly calcu%;ted by sg?t:ictlng a=1T
. n n
and Sa-1) and by adding Th=17 and n=17 to FFIl.

For FI3,..., FIm, the process is repeated in the same
manner. This process eliminated the need for storing
measurements at overlapping frequencies and greatly reduced
the number of calculations required for second and suc-

: L
ceeding FFI S.

The disadvantages of this method were that it was
only adaptable to the special cases where measurements
are being made over a relatively narrow band and that the

frequency spacing was limited to Af.

Since the Single Running Average required such a
large sample size to compute, investigations into another
running average technique ensued. Several aspects of the
discrete and sliding average proved to be useful in the

development of the Double Running Average Technique, to be

discussed next,
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DOUBLE RUNNING AVERAGE

Because the number of points per cycle necessary to
compute the Single Running Average was so large, it was
hoped that another digital low-pass filter could be found
which was much more efficient (i.e. required fewer points

per cycle).

A computationally-simple candidate was the Double
Running Average. First, the Single Running Average is
applied to the corrected real and imaginary measurements
on the load. Then the resulting data is Single Running
Averaged again to obtain the final result at the frequency
of interest. Thus, the corrected real and imaginary
measurements are subject to a Double Running Average. This
process is equivalent to a single weighted average with a

triangular set of weights, but avoids multiplications.

This procedure also had the gratifying effect of
reducing the number of measurement points required per
cycle of ripple from 23 to S5 for an equally satisfactory
suppression of the ripple. However, as a factor of
safety, 7 measurements per cycle were adopted for the

technique.
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Mathematically, the Double Running Average is
computed in the following manner. Treatment of the real
component will be described., The imaginary component

is found in exactly the same way.

A frequency window of 2AF must be used where
2R% AF = 21 (frequency window must be two cycles wide).
The system-corrected measurements of the reflection A(I)
are obtained at 4M + 1 equispaced points, fl""'
f

£ separated by a frequency interval, &4f,

2M+17°° 7 T4M+1’
where M > 3 such that 2MAf = AF, and where f2M+l is the
FI. Let B(I) = Re[A(I)] at each frequency, then for
J=M+ 1 to 3M + 1 let
J+M=-1
B(J~M) B (J+M)
D(J) = —=5—~ + 2 B(K) + (18)
2 K=J-M+1 2

As in the case for the Single Running Average the re-
dundant end points are weighted by 1/2 and their combined

weight is treated as one point in the average.

The second average is now computed yielding

N+M-1

R(N) = EeN-h

i ol VRIS . T et - S BT

Y
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where N = 2M + 1 or fN is the FI. As can be seen, the
redundant end points are weighted and treated in the same
manner as above. Figure 8 shows a pictorial view of the

progression of the averages.

As in the case of the Single Running Average, there
are two different methods of employing the Double Running
Average, discrete and sliding. Of particular significance,
however, is that in both the discrete and sliding Double
Running Average, the first application of the Single
Running Average lends itself well to the use of the Sliding
Running Average. A considerable reduction in memory
fetches and computation time are realized by taking ad-

vantage of this simplification.

In the case where measurements are being made in
such a way that ultimate FI's in the Double Running
Average are equispaced Af apart, the sliding average
principal can be applied to both the first and second
Single Running Averages resulting in an even greater
savings of computation time and an extra benefit of re-
duced computer memory requirements compared to the discrete
Double Running Average technique. This technique, however,
is subject to the same limitations discussed under the
sliding Single Running average of being only useful over
relatively narrow bands and of having a frequency spacing

limited to Af.
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F‘W 2AF —’+

M+1 ‘ + I]{. ~
%
%
0202»202@

lst Average

B(I)

2nd Average

FI

Fig. 8. Diagram showing progression of averages in
Double Running Average.
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Adoption of the Double Running Average over the
Single Running Average resulted in a 70% reduction in the
required number of points per cycle while only increasing
the number of computations by approximately 23%, On a
computer with only 8K of memory, the decrease in storage
requirements was a much more important factor than compu-
tation time. In fact, investigations showed that the
computation time was fast enough that the increase was

hardly noticeable.

The minimum number of samples per cycle required
for the Double Running Average was experimentally found
to be five (Fig, 9). This number is only slightly
larger than the theoretical limit of three imposed by the
Sampling Theorem for a periodic waveform, In most practi-
cal applications of this theorem, the limit is usually
accepted to be twice the theoretical limit as a factor of
safety. Therefore, the seven samples per cycle used for
the Double Running Average appeared to be the smallest odd
number of samples which could reasonably be expected to

perform successfully in a practical sense.

Since the Double Running Average did an equally good
job of removing the ripple factor as the Single Running
Average did (see Figs. 9 and 10) and since further re-
duction in the number of sample points per cycle seemed
unpromising on the basis of the above reasoning, it became

the digital filter of choice for this project.
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DERIVATION OF CALIBRATION

For all the reflection calibrations, the standard
HP linear error correction model (Ref. 13) was used which

is diagrammed below:

REF > 3 L Dur
i

e Y €1 S11 :

|

REFL <& < -t |
®01 L----d

Fig. 11. HP error correction model for
reflection measurements.

and which assumes that S12

flowgraph to solve for gggL = ' the following relation

821 = 0, Using this

is extracted

e S
oo * ngl‘ﬁék‘ (20)
11 511

TMEas = ©

where FMEAS represents the measured reflection coefficient

of DUT and Sll’ the actual reflection coefficient of DUT.

L
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€00 is the crosstalk error due to imperfect directivity
of the coupler, €51 is the error due to the imperfect
gain tracking between test and reference channels, and e

is the mismatch error due to imperfect Port 1 match.

It is clear that three reflection standards could
be used to solve for the three error correction coef-
ficients €0’ €01’ and eq- The three standards chosen
for this project were the short, open, and character-

ization of a perfectly matched load. If T. is the

L
measured reflection coefficient of the load, FS of the
short, and FO o7 the open circuit, then Sll(L) =0,
$,,(8) = -1, and §,,(0) = T where T = 1le 3%8) | 1t has

been shown that for the 7-mm precision 50 ohm open-circuit

5 14 _ 3

6(f) = 5,02 x 10 > £ + 1.126 x 10 £f° radians where f is

frequency in MHz. Substituting the stated values of S11
into Eq. (20) for each standard, one obtains the following

equations:

FL = ey, (21)
e
01
. = e - — (22)
S 00 1+ €11
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€01 T
To = %0 *T=e [T (23)

Substituting FL for €00 in (22) and (23) and rearranging

terms gives

01

T, = T, = cm———— (24)
S L 1+ey,
€51 r

o "L " T=e; T (23)

Dividing Eqg. 24 by 25 and multiplying both sides by T, one

finds
PS - FL _ ell T 1
T 7 = = I (26)
0 L 11
Let
r. -ror
S L
Q=T r——r_ (27)
0 L

which is now calculable and Eq. 26 becomes

r-1
. (28)

€11

Q =
€11

- e
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Therefore,
- 9Q 1
€11 = =75 (29)
From Eq. 22
ey = (FL - FS)(l + ell) (30)

The system now has enough information to make fully
corrected reflection measurements (is "calibrated").
Equation 20 can now be reversed to find Sll in terms of

FMEAS which is the ultimate aim and it becomes

S11 (DUT) = (31)

Therefore, fully corrected reflection measurements can be
made after first calibrating the system using the three

reflection standards with known Sll's.
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CALIBRATION AND MEASUREMENT PROGRAMS

The calibration and measurement programs will now
be presented in detail. The programs are written in HP
combined ANA, ATS, and TODS~II BASIC languages, and run On
an HP-2100S computer which is equipped with 8K usable

memory, and convenient graphics output devices.

Due to core memory limitations, the complete
sequence (including adapter correction) is controlled by
six programs which are maintained in disc files and auto-
matically chained into memory. The APC-7 sliding load,
short, and open are used for the initial calibration. The
adapted zero-plane short and running averaged load are
employed in the adapter correction. The discrete Double

Running Average is incorporated for maximum flexibility.

Figure 12 shows the flowgraph for program 1 which
is tasked with making all measurements necessary for the
APC-7 calibration. Figures 13-14 show the listing of
program 1. It first requests the electrical length of the
reference line which will be used for the load character-
ization in the adapter correction. From this, it computes
F = AF and displays the minimum and maximum frequencies
available within equipment limits, and asks for the start,
stop, and step frequencies in order to compute the FI's,

It then computes F9 = Af and N(the number of FI's), F3




Input
Electrical
Length

of Fixed

Calculate
Min, Max

Freq Avail
and AP

Calculate
§ of FI's

Initialize

RF
Equipment

lowchart for Program 1.

71

Calculate
Fl's

Measure
APC-?
SHORT

Measure
APC-7
Sliding

Load

Measure
APC-7
OPEN

Store Local
Constants
in COMMON

CHAIN 2

-
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PRGE 1
i { FEM THIS PROGRAM, DEVELOPED ON 11-%/,20, IS DEZIGHED
! Z FEM T3 MAKE AN APC-7 CALIERATION IH PREPAFRTIOH FOR
i : FEM THE DOWELE RUNNING AVERRGE IN THE RDAPTER COFPECTION
i 4 FEM REW 11-24-20 REM 12-22-29 1LiANUTZ.3
. 9 COM S[13,511,L033,513,0013,%1)
i 43 COM F{S13,NC18]
t; 192 DIPLAT “WHAT IS LENGTH(CM) OF LINE";
i 124 BELL
INPUT L

AN S

SO0 G DO S DS 5D e DD

O b o) o= S L G0 T & o 0T 00T

(RIS NTON A OUN SN P Py SV PO PP g

s 1D 0T

& D S8 O

I
ST D T

>

FEM CALC 1-PERIJD FOR LENGTH OF LINE AND UPPER RND
REM LOWER FREQ LIMITS FOR RUN AVE

LET FaZ233Q.(2%L)

LET FlaIHNT 1Q1+F)

LET F2aINTI138002-F)

DIPLAY "FREQIMHZ) RVYRILRELE ~ MINs";F1,"MAX=";F2
DIPLAY "FREGIMHZ}) - START,STOP,STEP";

BELL

INPUT F1,F2.3

FEM CALC NUMBER OF FREG® STEPS ASKED FOFR IN THE OUTPUT
LET N&sINT(1+tF2=-F1)/3)

REM INITIWRLIZE THE MERSUREMENT EQUIPMENT

LET F2=F~ 6

LET F3aFl=-n<F3

FLRLE (F3)

BCNTL1(F3)

STELL L

WRIT 1581

REM LALC AND STORE THE OUTPUT FREQS

FOR K=t TO N

LET FIKIaF1+(K~1)4S

HEXT K

DSPLAY “CONNECT APC-7 SHORT"

PAUSE

FEM MAKE MERSUREMENTS AT ALL FREQS ON RPC-7 SHORT
FOR Kxt TO N

LET F3=F(KJ-6#F93

FOR J=l TO 13

FREQZtF3

MERI1(1S8,4,Y)

NEAT K

DIPLAY "CONNECT RPC-7 SLIDING LOAD®
FauUTE

FEM MAKE MERSUPREMEHNTZ AT ALL FRER3 ON SPC-7 SLIDING LOAD
FOR ksl TO H

LET FeafFlt 1-RA+F9

FORr Jat TO 13

FREOGZIF3)

MERZLI 1S ,00,.Y)

CRPAK v LTJ KT

LET FImsFZ+F3

neaT

HE.T b

DIFLA, "COHNECT APC-T QPEN"

FRUIE

FEM LSV E MERIUFEMENT. AT &LL FFRENT DM APC=T7 QtZy
Fig. 13. Page 1 of listing for Program 1.
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ag
1

1ol
1G4
196
123
193
1:0
112
11z
114
11s
113

OO DD

-

FIP k=1 TO N

LET F3=sF{K1-6%F9
FOR J=sl TO 13
SREQZ2IF3)

MERS1 1130, X,Y)
CPAK (M,Y,004,K1)
LET F2=aF3+F9
NERT J

NEXT K

PAGE

REM STORE ALL NECESSARY LOCAL VRRIABLES IN COMMON

LET N{1l=F1

LET N{21aF2

LET NI3)=sF9®

LET N[&1a3

LET NITlaN

REM PRING IN NEXT PROGRAM RUTOMATICALLY
CHRATIHMI" 1 sANUZ3.3™)

Fig. 14, Page 2 of listing for Program 1,

2
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| "~ (the first measurement frequency), and initializes the RF

i measurement equipment. The FI1's are then calculated and
stored., Lines 500 to 700 perform measurements on the APC-7
short at all satelite frequencies (frequency measurements
around each FI necessary to compute discrete Double

Running Average for the FI's). Lines 720 to 920 and
940-1120 perform the same measurements on the APC-7

sliding load and the APC-7 open, respectively. The local
variables are then stored in COMMON to be passed to subse-
quent programs, and the program ends by chaining program

2 into memory.

The flowgraph of program 2 appears in Fig, 15 and
the listing in Fig. 16. This program is tasked with
characterizing the open circuit and computing the error
correction coefficients. It begins by recalling the local
variables from COMMON (assigning more descriptive names)
and by defining the complex constants 1 + jO0 and -1 + jO.
Then for each frequency, open circuit-phase adjustments
are calculated and applied to the ideal reflection coef-
ficient of the open circuit to obtain T in Eq. 23, The
error correction coefficients are then calculated.

Lines 340-400 are the code to compute Q in Eq. 27, lines
420~460 to compute €11 in Eq. 29, and lines 480~520 to

compute e, in Eq. 30. These coefficients then replace the

0
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Recall Local

Constants
from
COMMON

Define
Complex
Constants
(1,0) and
(-1,0)

Rotate
APC-7 OPEN
to
Zero~Plane

Calculate
Error
Coefficients

Store Error
Coefficients
in COMMON

\/

Flowchart for Program 2.
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°
D
D
™
-

REM THIZ PROGRAM, DEYELOPED ON 11-5.8@, IS
REM TO CALCULRTE THE ERROR CORRECTION COEFF
FEM FOP THE APC-7 CALIERATION

FEM FEY 11-7-8@ FEM 3,13-81 1:ANU73.8
20 COomMm T[013,513,L013,%11,0013,%1)

49 COM FLSt)l.N[101

REM RECALL LOCAL VARPIABLES FROM COMMON

LET F3=NH[3)

LET 3=N[51

LET N=KN[71

REM DEFINE COMPLEX CONSTANTS (1,81 AND (-1,8)
CPAK(1,9,D02)

CPAkK(-1,8,D23)

REM RZENERATE ERROR CORRECTION COEFFICIENTS FOR ALL FREQS
Fam K=1 TO N

LET F2aF(KI1~-6%F3

FOR J=1 TO 13

FEM CORRECT APC-7 OPEN CIRCUIT PHASE

LET C%=S.092E-05+1.126E~14%F312.

LET C%=-C9%

PCFTIO,F3,C9,D2,P1)

REM COMPUTE ERROR COEFFICIENTS

KEM EQ0=EO0DQ,E1=Ell,E2=E21

LET EB=L(J,K]

CSUBI(S{J,K]1,EQ,N1)

CSUBI(0(J,K]),E®,D1)

CDIVIN1,D1,N)

CMPYIPL ,N1,QS)

CADD Q@S ,D2,N1)

CSUB(PI1,Q5,D11)

CDIV(NL,D1,E2)

CSUB(E@®,SLJ,KI,N1)

CADD(D2,E2,D1)

CMPYI(N1,D1,EL)

REM SAVE ERROR CORRECTION COEFICIENTS IN COMMON

D
1

om

— )

m o
zo

4
“vm
=]

& oLa )

L
@

G TR e &

I SOEED OSSO

e s e e e e g

LET SLJ,K1=E®
LET LCJ.K]I=EY
LET O[J,K1aE2
LET FleF3+F%

HET J

MESXT K

FREM LOAD NEXT PROGRAM AUTOMATICALLY
CHRINC"1:AHUT4 . 2"

Fig. 16. Listing for Program 2.
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APC-7 measurements in COMMON since they are no longer

needed, and program 3 is chained into memory.

Figures 17 and 18-19 display the flowgraph and
listing for program 3 which makes system-corrected
measurements on adapter, reference line, and load and
computes the Double Running Average for each FI. It
starts with virtually the same variable recalling and
initialization as program 2. The adapter, load, and line
are then measured and correcéed for system errors (lines
520-580 represent Eq. 31). Lines 680-960 represent the
code for computing the first running average sum. Note
the application of the sliding running average in lines
900-960. The second running average sum is calculated in
lines 980-1100 with the average being completed in lines
1140-~1160, COMMON is then rearranged so that a transition
to single subscripted arrays can be accomplished and so
that a large block of memory can be freed in program 4
since only information at the FI's is required from this

point on. Program 4 is now chained into memory.

The flowgraph and listing of program 4 are displayed

in Figs. 20 and 21, respectively. This program initi-
alizes the equipment, measures the adapter and short,
corrects the data for system error, and chains program 5

into memory. At this point all the information necessary

H




—~-
it
%__.
i
;
78
13
Recall Local Correct
Constants for
from System
COMMON Errors
b
}
r
1
i
? Initialize Compute
RF Double
N ( Equipment Running
{ Average
J
i Clear Store
- CRT Averaged
Display Load
Define Rearrange
Complex COMMON
Constant
L (1,0)
Measure CHAIN 4
Adapter,
Load, and
Line
Fig. 17. Flowchart for Program 3.
- - .
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PRGE 1
1 FEM THII PROGRAM, DEVYELZPED ON 11/5-,80, IT DESIGNED
> FEM TO COMFPUTE THE DOUBLE RUNNING AVERRGE FOF THE
z FEM ADAPTER COFFELTION
4 FEM FEY 11-7-39 PEM &-13-81 1 :ANLIT4.,S
3 LoM AC1E1 L BELI33,0C013),DC0131,E01213
45 com o 2012,511,L013,513,0013.511)
) Cam FLS11,NCLD)
BTy FEM FECRLL LOJCRL YRFPIRELEC FROM COMMON
1 LET Fl=eN[1]
1 LET F2=NL[Z]
1 LET F3aMN{3)
15 LET HaN[T1]
17 FEM INITIALIZE THE MERSUREMENT ERUIPMENT
FCALF(FTL)=-n=F3
BCNTLIiF{1l-neF93)
SIELL LY
WARAIT 159!
FEM CLERAR DISPLRAY
CLERR A

@

T 1T G S

PR

QOO

T

RIS A ARSI AN SRR VU PR VIR S s e R On
B

REM DEFINE COMP_EX CONSTANT (1,0}
CPAK:!1,0,D2)

DZIPLRY “CONHECT SMA LOAD RAND LINE"
FPRUSE

FOR K=1 T0O N

LET F3aF[KJ)-6*F92

REM MRKE TWO CYZLE MEASUREMENTS FOR OUTPUT POINT K
FEM ON RDAPTER, LINE, RND LOAD

FOR J=) TO 13

FREQZLF3)

MERS 1158 ,X,Y)

CPRAK (M Y .21

PEM PERFURM ERROR CORRECTION ON RDAPTER, LOAD, AND LINE
CIUBL(Z,30J,K1,D1)

cprvwiLlJ,K],D1,D1)

CADD/D!,00J.K1,D1)

cplviD2.01,R0JD)

LET BLJY=RERIRLJ])

LET CCOJI=IMGIACIT)

LET F3=F3+F?3

NEWT J

FEM TET LMP DOUBLE RUNNING AVERAGE FOR POINT K

FEM MAKE SEYEM MEASUREMENTS PER CYCLE

LET Ma3

FEM COMPUTE FIRIT PUN AVG 3UM FOR POINTS NEEDED TO COMPUTE
FEM TECGHD PUHNIMNG AVYERRGE FOR DUTPUT POINT K

LET lT=te+1

LET DCOIT=ELI-M]-2

-
S

LET ElIl=CCl=-M]-2
FOR f=]l-M+t T T+H-1
LET DIIJ)=DLI1J+RLJ)]
LET ELI1=€£C13+CL ]
1=J

}J=DCLIY+EBLJt+1) 0

T=E€ (T T+ 0 0t+1] -2
sg. CHMENTE TLIDIHG FUH A¥e TUMT FARP RPETT NF PNINTT MEEDNED
FE TOCMFUTE D CTTHD msl gy FOR RFAINT K
Fos o leriel TO17en
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I-M=13-BCLI-MI+EL1I 1
I-M=1)-C(I-M1+C0I-M~1

™
e
mo

M COMPUTE SECOHD RUN RYE UM FOR POIHNT K
M+l

ngl1-mnls
ELI-M1~
I-M+1 T
ib+0C 1
«EL 11

-“Cn
V fd £

I+M-1

=

[,
=¥ H W unnt
I W

[

DIVIDE BY TOTAL WE!IGHTED SUM TO GET SECOND RUHN
ARWE FOR POINT K

U2t l+DTJ1+11-21/26

T=tT+ELJ1+11. 2) /35

FOF YAFIARLE FERASCIGHMENTZ IH HEMT FROGRAN

i, T.01E KT

gl ,k)=307 K

GCe kY=L 0T )

JL1 k1=007,K)]
~2llT K

FEM LOAD ME
CHATINL" 1 tAN

T PROGRAM AUTOMATICALLY
7

Fiqg. 13. Pade 2 of listing for Program

ITQFE RUN RYG LD3ID AND REAPRANGE COMMON IN PREFPRFPRTION

3.
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START 4

Recall Local
Constants
from
COMMON

Initialize
RF
Equipment

Define
Complex
Constant

(1,0)

Measure
Adapter
and

SHORT

Correct
for

System

Errors

CHAIN 5

Flowchart for Program 4.
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5]
x]

FAGE 1

1 FEM THIZ PPOGFAM, DEYELOFPED ON 11-%.2@, 1T DEZIGHEL
z FEM T COMPUTE THE RIDAPTER COFRECTION COEFFICIENTS
3 FEM REY 11 -24.739 PEM 2-13-31 1:RANUTS .2
] coM CC03.S1),3091),L0513,M0S11
En CoM FES1),HTia)
41 FEM FECHALL LOCRL YHRIARLES FROM COMMON
PR LET M=N[7]
L] FENM INITIALIZE MERIUREMENT EQUIPMENT
124 FCALFUGFL1 Y
148G ECHTL(ROLD)
1 :IEL1IVLL
1 WATIT 1Sa3

DIFLAY "CONNECT SMA ZHORT®

FRUZE

KEM DEFINE COMPLEX CONSTANT (1,21
CPak f o, D2}
FEM MAKE CORRECTED MEASUREMENTS ON ADAPTER AND SHORTY
FOR I=1 TO N
FREQ2¢FLI

CIUWELZ,CC01,13,D1
coniw202,131,01,D180
CHMbDI(DL,CL2,11,D1
copivinp2,d1 (SC110
HE.'T I

FEM LOAD MNENT PROGRAM AUTOMATICALLY
CHAIM "1 ~ANLTA

B,

Fig. 21. Listing for Program 4.
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to make fully corrected measurements has been obtained,

and the system is prepared to measure the complex re-

flection coefficient of DUT's.

Figures 22 and 23 show the flowgraph and listing
for program 5 which has the job of measuring a DUT and
fully correcting for system error and the adapter. After
initializing it makes measurements on a DUT and corrects
it for system error in the usual way. Lines 460-540
computes the value of El in Eq. 9. Lines 553-556 normal-
ize El1 to make sure that it is indeed equal to e—jze.
Lines 560-640 complete the calculations of Eq. 10 yielding

the fully corrected reflection coefficient of the DUT.

This result will now be output in program 6.

Program 6, whose flowchart and listing appears in
Figs. 24 and 25-26, provide plots of Real (T) vs. freq.,
Imag (T) vs. frequency, Mag (I') vs. frequency, and Ang (T)
vs. frequency. It will then provide, if desired, a com-
plete printout of the above mentioned parameters.
Program 5 is then chained into memory and the system is

ready to measure another DUT of the same connector type.




————

Fig. 22,

START 5

\/

Recal)l Local
Constants
from
COMMON

Initialize
RF

Equipment

Clear

Display

Define
Comp lex
Constant

(1,0)

Measure
Adapter
and
DUT

Adapter
Correct
DUT

\/

CHAIN 6

Flowchart for Program 5.
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PAGE 1

1 ©EM THI3 PROGRAM, DEYELOPED ON 11 %,89, 1Z DETIGHED
| 2 FEM TO ADAPTER CORRECT THE MERSUREMENT OF THE UNKNOWN
! 3 FEM REY 1222739 FEM 371331 11RNUT76 .S
1 2 COM €[03,513,80511,LL513,MIS1)
4 COM FLS11,NC1B]
5 REM RECALL LOCAL YARIABLES FROM COMMON
LET HNaN{
FEM IMIT
FCALF(FL
BCNTL (FC
SSEL11
120 WALIT (15@)
185 REM CLEAR DISPLAY
199 CLEAR(D)
208 DTPLAY “CONNECT 3SMR UNKNOWN"
N 229 PAUSE
239 FEM DEFINE COMPLEX CONSTANT (1,8)
24¢ CPRK(1,0,D2)
258 REM MAKE ERROR CORRECTED MEASUREMENTS ON UNKNOUWN
2606 FOR I=1 TO N

]

ALIZE MEAZUREMENT EQUIPMENT
1) *

3

LN X-X X ]
%

o

?
I
1
1
)

288 FREQR2(FL11)

389 MEAS1(150,%,7)
32 CPRAK (X,Y,2)

) 249 C3UB(Z,Cl1,13,D1)
368 C¢DIViCC2,11,D1,D1)
389 CADD(D1,C(3,11,D1)
499 CDIViD2,L1,MCID)
40 MEXT [
430 REM MAKE RDAPTER CORRECTIONS FOR ALL OUTPUT POINTS
340 FOR I=1 TO N
465 OCTUB(LCIY,SCI3,D)
480 CPAK(RERILLII) ,-IMG(LEII) N2}
536 CMPY(SCLI),N2,Ni)
$28 C3UB(D2,.NI,NT)
€348 CBIVINL,D1,N3)
S5z CPAK (MAG(N3) ,8,N4¢)
€55 COIV(N3,Nd,N3)
S6n  CTUBIMCII,LCI1,N1)
€39  CHMPY(MCI),N2,D1)
» % C3UB1D2,B1,DB1)

X 539 CDIVIME,D1,N1)
G40 CMPY (NL M2, MCIID
265 MNEXT I
aaz FEM LOARD MNERXT PROGRAM AUTOMATICALLY
393 CHRIND"1 :ANUTT . 3")

Fig, 23. Listing for Program 5.
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START 6

\/

Recall Local
Constants

from
COMMON

Initialize
Graphics
Buffer

Input
Bottom,
Top

Limits

Scale
Graphics
Plot

Plot
REFL(Real)
vs, Freq

Display

(

Fig.

24,

Scale
Graphics
Plot

Display

Input Top,

Bottom

Display

Plot
REFL (ANG)
ve. Fregq

List

Print
Results

Results?

CHAIN S

Flowchart for Program 6.
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PRAGE 1
1 FEM THIS PROGRAM, DEYELOPED ON t11-5/8a, IS DESIGHMED
2 REM TO QUTPUT THE CORRECTED MEASUREMENTS
3 FRENM PEY 11-7.30 REM 12/22-/80 1 tANU?7 .8
Z9 oM C[3,9212,30851),LLS51) ,M[513,FIS1INL1@)]
%3 REM RECALL LOCRAL YARIABLES FROM COMMON
18 LET FlaNC11
129 LET F2aN[2]
140 LET 3=aN[s2
169 LET NaN[T7]
179 REM INITIARLIZE GRAPHICS DISPLAY AND BUFFER
138 BUF(109)
2nea CLERR (8)
rz0  DIPLAY "WHAT ARE BOTTOM AND TOP LIMITS";
24%  BELL
60 INPUT B1,T1
2@® LET S1=(T1-Bl)-i@
299 FREM CLERR DISPLAY, SCRLE, AND PLOT REAL PART OF REFLECTION
90 CLERR(B)
30 ICALEWFL ,F2,B1,T1)
349 LET F3=(F2-F11-10
358 SAXESIF3,31)
339 DSPLWNY VYTAB(1S),TRB(O) ,"REFL"
409 DSPLAY VYTAB(31) ,TAR(28) ,"FREQ(MH2) "
429 LRDEL VTABI(16) ,TRE(O) ,"REAL"

440 BLOCK(B2)
469 FOR 1=l TO N

423 PLOT(FLI1,REACMIIII,2)

So5  NEXRT 1

Sz9  FPAUSE

S35 REM CLEAR REAL PLOT AND PLOT IMAGINARY

S40 CLEAR(2)

$60 CSAXEZ(F3.51) .

$30 LABEL YTAB(16),TRAB(G),"IMAG"

688 BLOCK(B2)

529 FOR lat TO N

649 PLOFUFIII,IMG(MLIY) ,2)

659 HNEZT 1

538 PAUSE

769 CLEAR(Q)

DSPLAY "WHART ARE BOTTOM AND TOP LIMITS FOR MAG";
BELL

INPUT B2,T2

FEM CLERR DISPLAY AND PLOT REFLECTION MAGNITUDE
CLERR QI

LET :2a(T2-B2) 1
ICALEIFL ,F2,.B2,T
CERUESUF3 .32
D.FLGAY YTABL1S) ,TRE(Q) ,“REFL"
DIPLAY YTAB121) ,TAB(28) ,*FREQ(MHZ) "
LABEL YTAB(16) ,TAB(O) ,"MAG"

BLOCK (B3)

FOFP i=1 TO H

FLOTIFZ1) MAGIMCIY) ,2)

HET I

TEUTE

1o &

)

CEM OJLEAR MACHITUTE PLOT AND PLOT PEFLECTION ANGLE

Fig. 25. Page 1 of listing for Program 6,
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VO o DT
QoD DO D

&
N
n

Wb B

R A U RN R
SIS DT D&

diatafato e fut

& T

at A
o

o
)

PRGE

0]

LET T3=156@

LET 23=1T3~-B3) 19
SCALEC(F1 ,F2,.E3,T2
SAHNES(F3,532
LARBEL VTABI16) ,TABI(B) ,"ANG"

BELOCK{B2)

FOR I=1 TO N

PLOT(FLII,RANGIMTITIT),2)

NE!T I

FEM CLEAF DISPLAY AND PRINT ALL RESULTS FOR ALL

FEM FREQZ IF REQUESTED

PAUCE

CLERR (1)

DIFLAY "WANT TO PRINT RESULTS(1aYES,2=N0)";

BELL

INPUT HI

IF His1l GOTO 298300

REM INITIALIZ2E AUTOMATIC GRAPHICS BUFFER PAGE TURNER
TRAP & ROSUB 29928

)

CLERRI(8B1

BUF (280)

DSPLAY “FREQIMHZ) REFL (RER) REFL(INMG) REFL (MAG) "3
DSPLAY " REFL (ANG) "

DsPLAY

FOR I=1 TO N
REM SET OUTPUT FORMAT IN BASIC NOTRTION
FDSP(FLLI2,7,2)

DIPLAY " "y
FDSP(REA(MITIL) ,6,3)
D3PLAY * "y
FDSP{IMB(MCII) ,6,3)
DSPLAY ° "3
FDSP(MAG(MLI1) ,6,3)
D3PLAY * "y
FDSP(ANG(MCTI),6,1)
DSPLAY

NEAT 1

CoPY

PAGE

PAGE

S0TO 2008

REM SUEROUTINE FOR RUTOMATIC PAGE TURNING WHEN GRAPHICS
FEM BUFFER BECOMES FULL

CORY

PAGE

FAGE

CLEARP D)

FETURH

FEM _OWRD MEASUREMENTY PROGRPAM AUTOMATICALLY
CHATHE" I sANUTS .3

Fig. 26. Page 2 of listing for Program 6.
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CALIBRATION PROCEDURES

The calibration procedures are not difficult to

accomplish. In fact, the computer gives rather explicit

instructions for each step, and always signals with a bell

when operator action is required.

Only the first program must be loaded into memory

manually (the rest are sequenced automatically). It first

asks for the electrical length of the reference line being

used for the load characterization. It then returns the
minimum and maximum frequency limits and acsks for the
start, stop, and step frequencies. This information is
then used to calculate the FI's. The operator is next
prompted to connect an APC-7 short, an APC-7 sliding
load, and then an APC-7 open. After calculating the
system error correction coefficients, the program asks
that the adapter, reference line, and load be attached
after which it computes the Double Running Averaged load
characterization. Connection of the adapter and short is
then requested, and the calibration is complete and the

system is prepared to make fully corrected measurements

on any DUT.

After attaching a DUT to the adapter, the system
makes measurements, corrects these measurements, and then

asks for the bottom and top limits of the TI'(Real) and

Y——— el
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I'(Imag) plots versus frequency. After displaying these
plots, the program requests the bottom and top limits for
the T(Mag) plot versus frequency. This is output and the

I'(Ang) plot versus frequency automatically follows.

The operator can now choose if a printed listing
of the frequencies and above parameters are to be output,
Whether or not the listings are requested, the computer
automatically asks for another DUT to be attached to the
adapter, and the sequence repeats untii the operator
interrupts the program by pressing the BREAK button on the

console,

———— - —
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COMPARISON OF TRANSMISSION LINES !

As was stated earlier, use of the Double Running
Average for characterization of an ideal load, for the
first time, permits direct comparison of transmission
lines and connection systems, For instance, two or more
lengths of transmission line can be directly compared
against each other to obtain an exact impedance match at

the frequency or band of interest.

However, this procedure cannot be conducted using
the calibration and measurement programs as already de-
scribed. They must be modified and these modifications
will now be presented. Programs 1 and 2 remain completely
unchanged and program 3 requires only a change in the

CHAIN statement to the new program 4 (Program 4A).

Figures 27 and 28 show the flowgraph and listing
for program 4A. This program recalls the local variables
from COMMON, opens a disc file for data storage, and then
asks for identification of the transmission line for which
data is being stored (up to 4 lines can be compared at one
time with this program). The line data is then stored on
the disc along with the error correction coefficients.

The program then halts. If another line is “o be measured




START 4A

\/

Recall Local
Constants
from
COMMON

open
Disc
File

Store Line
Data

Store Error
Correction
Coefficients
on Disc

Fig. 27. Flowchart for Program 4A.
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WYy e e s

FRGE H
FEM O OTHID FROGFPAM, DEVYELCRED NN 11.°-20, 17 DEIISHED Tu
FEM O ITOFE THE RYERAGED LINE DRTH OH DITC FOGF COMFARITON
SEM O OF DIFFEPEMT LIMES DIRECTL™
FEM FEW 11 24-21 PEM 3-13°21 1tRANUT2 ., T
FEM THIZ PROGREAM MUIT REPLRACE 1 :ANU?S .S WHEN
REM GEHERATIHG THE DATA FILE FNFR COMPARIZION OF
FEM LOARDS ANMD LINES

oM C0DE,S1),70513,L0513 ,M051)
UM O FLS1Y L HI10)
M FECALL LOCARL

o

YARIABLES FPOM COMMON

LET H=HET)
FEM SPEHN DIZC FILE FORP DRATA TTORAGE
DRFEM o0 ML RAIDTS D (B
FEM DATA Fof UF "0 FOUR LIMEZT CAN BE STORED
DOFLAY "HWRICH CIHE 1=QURT (Z=CHORT ,2=L0OMZ,4=SPLINE ";
TELL
THFUT D
cgt LEFQTIT DATAR IN DITL FILE
DRETTECLg, Nn=1y <31+ ,L0LY S, ED
DFITE 14,209,001 1301526
¥ END

Fia., 28. Listing for Program 1A,
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then program 1 must be reloaded into memory and the
sequence repeated. After all lines have been measured,

program 5A can be loaded and run.

The flowgraph and listing of this program are dis-
play in Figs. 29 and 30. This program must measure the
adapter and short, correct it for system errors and store
this data, the frequency list and COMMON variables on the
disc. All the data necessary for comparing the lines has

now been stored on disc.

Programs 4B, 5B and 6 are used to perform the
actual line comparisons and to output the results. The
sequence is started by loading and running program 4B.

The program sequence progresses automatically from this
stage, Program 4B [Figs. 31 and 32)] begins by loading all
the data (except line data) into COMMON. It then asks
which line will be used as the reference line and loads

the appropriate data into COMMON,

Program 5B (Figs., 33 and 34) is then automatically
chained into memory. This program requests which line will
be used as the DUT and loads that data into COMMON from
the disc, It then performs the adapter correction, which,

in this case, actually represents the line comparison.
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and Freq
Data on

Disc

\/

Fig. 29. Flowchart for Program 5A,
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PRGE 1

EM THIS PROGRAM, DEVELOPED OMN 115,80, 1S DESIGHNED

EM TO MEASURE AND STORE DATA FOR LINE COMPARIZON

EM REV 11-24-380 REM 3-13/81 11ANUTS .3

EM THIS PROGRAM MUST REPLACE 1:ANU?7S.S WHEN

EM STORING THE ADAPTED SHORT AND FREG DATA FOR AVERAGED
EM LORD AND LINE COMPARISOMN

COM ©C3,513,SC%13,LE%1),MC51)

COM FLS11,NC101

REM RECALL LOCAL VARIABLES FROM COMMON

LET NaNC
FEM INIT
FCALF (FC
BCNT1(FC
SSEL1C(11

WRIT (5@

REM MEASURE AND STORE ADAPTER AND SHORT

DSPLAY "CONNECT SMA SHORT"

PRUSE

REM DEFINE COMPLEX CONSTANT (1,0)
CPAK(1,0,D2)

FOR lai TO N

7]

IALIZE RF EQUIPMENT
11

11

)

REMENTS FOR SYSTEM ERRORS

DPEN(1O,"1:
REM STORE SH
DRITE(192,358
DRITE(10,409
END

e OZO Mmoo <

ENCY ,AND COMMON DRTR ON DISC
)
)

Fig, 30. Listing for Program 5A.
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Flowchart for Program 4B.
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9990

PRGE 1

EM THIS PROGRAM, DEYELOPED ON 11,580, IS DESIGNED
EM TO SET UP REFERENCE LINE FOR LIME COMPARISON
EM REY S-8-81 REM 313,81 11ANUBD .S
EM THIS PROGRAM MUST REPLACE 1:ANU7S.S WHEN COMPARING
EM ONE AVERAGED LORD AND LINE TO ANOTHER AFTER THE
EM DATA FILES HAYE BEEN GENERARTED
COM C(3,513,S0511,L{513,MC(S11
coM FISt1,NC101
REM OPEN DBISC FILE WHERE DATA 1S STORED
OPEN(10,"1 1ANU?S.D" ,E)
REM RECALL SHORT DATA FROM DISC
DREAD(10,3%58,5011,51,E)
REM RECALL FREQUENCY DATA AND COMMON VARIABLES FROM DISC
DREAD(10,409,FC13,61,E)
REM RECALL ERROR CORRECTION COEFFICIENTS FROM DISC
DREAD(18,20%,C01,11,153,E)
REM RECALL LOCAL VARIABLES FROM COMMON
LET N=NC[?1
DSPLAY "WHICH LINE TO BE USED AS REFERENCE"
DSPLRAY “(1=0URS,2aSHORT,3=LONG,4aSPLINE) "
PELL
INPUT @
REM READ IN REFERENCE LINE DATA
DREAD (10, (Q-1)#S1+1,LE11,51,E)
REM AUTOMRTICALLY LOAD NEXT PROGRAM
CHAIN(*13ANUBL.S")

Fig, 32. Listing for Program 4B,
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Fig. 33. Flowchart for Program 5B.
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PRAGE 1

REM THIS PROGRAM, DEYELOPED ON 11-5,89, IS DESIGNED
REM TO COMPLETE LINE COMPARISON
REM REV 5/8/81 REM 3-13-81 11ANUBL .S ;
REM THIS PROGRAM MUST REPLACE 13RNU?6.S WHEN COMPARING .
REM ONE AVERAGED LOAD AND LINE TO ANOTHER AFTER DATA !
REM FILE GENERATION :
20 COM C[3,%1),5C%5131,LES11,MC511]
40 COM FILS1],NL101]
9@ REM RECALL LOCAL VARIABLES FROM COMMON
109 LET N=NC(71] ‘
180 REM CLEAR DISPLRAY '
190 CLEAR(®)
19% REM OPEN DISC FILE WHERE LINE DRTA IS STORED
200 OPEN(1@,"1:ANU?S.D" ,E) :
220 DSPLAY “WHICH LINE TO BE USED AS UNKNOWN" :
249 DSPLAY “(1=0URS,2=SHORT,3=LONG,4=sSPLINE) "}
. 260 PBELL

280 INPUT @
f 290 'REM READ IN DATA FOR DUT LINE FROM DISC !
" 300 DREAD(10,(QA-1)#S1+1,ML1],51,E) :

318 REM DEFINE COMPLEX CONSTANT (1,0)
320 CPAKI(1,08,D2)
439 REM RDAPTER CORRECT DUT DRTA
449 FOR I=1 TO N
466 CSUB(LII1,S[I1,D1)
480 CPAK(REA(LLII) ,-IMG(LEII),N2)
S0 CMPY(SI[II,N2,N1)
520 CSUB(D2,N1,N1)
%490 CDIV(N1,D1,N3)
853 CPAK(MAG(N3) ,0,N4)
556 CDIVI(NZ,N4,N3)

TASWN»-

560 CSUB(NCII,LCII,N1)
$89 CMPY(MCIJ,N2,D1)
660 CSUB(D2,D1,D1)

620 CDIY(N1,D1,N1)

640 CMPY(N1,N3,MCI1)

660 NEXT 1
900@ REM AUTOMATICALLY LORD NEXT PROGRAM
99908 CHAIN("1:AHUR2.5")

TR vt mes

Fig., 34, Listing for Program 5B,
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Program 6 (previously discussed) is then chained
into memory, unchanged, and the results are output in

graphic and/or tabular form,

Thus, lines can now be compared directly against
one line that serves as a standard, without need for a

perfect termination or sliding load in the transmission

TR TREEEERET S TRETTEE S e o

line adopted as a standard: a procedure not heretofore

available.
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Four different SMA lines were used to evaluate the

techniques presented in this document.

1,

2.

A Narda Serial #W1ll 3015292Gl, which was fitted
with Narda 4401 Female connectors on both ends,
had an electrical length of 89.4 cm, obtained
from Tufts' stock. This cable will be titled
"our" line.
and 3., Two lines were constructed at Lincoln
Laboratory from Uniform Tubes SMA coaxial
cable fitted with an OSM 210-1 male connector
on one end and an OSM 207-9776SF female con-
nector on the other, The "short" line had an
electrical length of 113.9 cm while the "long"
one was 228.1 cm in length.

The fourth cable, also constructed at Lincoln
Laboratory, was unusual in the sense that it
was constructed from a 173.6 cm electrical
-length of Precision Tubes 141 series air-
articulated 3.5 mm line fitted with Solitron/
Microwave 2902-6057 male connectors on both
ends. This line was not dielectric filled and

was called the "spline" line.,

T i el gt




These four lines offered the chance of testing three
conventional SMA lines, two of which were identical in
construction and one which was a significant departure in

design.

The first set of results to be displayed will be
the adapter-corrected reflections of a zero-plane short,
an HP offset 4 short, and an open circuit referenced to
the running averaged load characterization of each line
measured from 2-17 GHz. A female SMA adapter was used at
the measurement port for all the measurements and a
standard SMA fixed load was used to terminate each line for

load characterization.

As can be seen in Figs. 35-38, the measurement of
the zero-plane short circuit was virtually identical for
all the lines, with a 0.03 maximum deviation from unity
reflection coefficient magnitude. Some of this deviation
may be attributed to the slight power dissipation in the
adapter, which is assumed tc be dissipationless. The
variations are probably caused by the frequency varying
directivity of the directional coupler. It is speculated
that a coupler which is smoother in directivity over the
frequency band (or a broadband SWR bridge, such as a

Wiltron 58A50) would be more satisfactory in this respect.
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Figure 39 shows a plot of the coupler directivity
for the HP 8743 test set. This was measured by placing
an APC-7 sliding load at the reflection measuring port,
and by placing the ANA in manual mode. A time-exposed
photograph of the HP 180A rectangular display was made as
the sliding load was moved from stop to stop several times
for each frequency band. The bisection of the envelope
was taken to be a measure of the directivity. As shown,
the directivity does not everywhere safely meet the as-
sumption of being varying slowly with frequency. This
deficiency could produce a small error in magnitude

measurements even for a short circuit.

At this point, the system stability has been shown
to be sufficient for adapter correction. Now, the aver-
aged load and line and zero-plane short circuit will be
used as standards while two conventional calibration
standards (offset 4 short circuit and open circuit) will
be used as DUT's in order to show the suitability of the

complete calibration procedure.

The magnitude and phase plots of the offset 4 shorts
for each of the lines is presented in Figs. 40-47. They
are unremarkable in that they are essentially the same for

each of the lines.




ol AR A R LY

Directivity

3 4 GHz

6 8 GHz

+

8 10.2 12.4 GHz
—~+ +
12.4 15.2 18 GHz

Fig. 39.

Measured directivity of coupler
in HP 8743A Test Set.
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It is important to note that the lack of difference
between the lines for the zero-plane and offset 4 short
circuits is due to the fact that these are high reflection
standards with a well defined plane of measurement. Since
zero-reflection correction provided by the calibration is
so small, it becomes almost negligible in measurements of
high reflection standards. Therefore, the characteristics
of the different lines used for the running averaged load
characterization have little affect on the measurements
of these standards. However, as will be shown next, the
line characteristic will have a dramatic effect on devices,
such as open circuits, where, even though they are high-
reflection devices, they exhibit a frequency-varying phase
which is dependent upon the nature of the interconnecting

transmission line.

It will also be seen that the characteristics of
lines can be significantly different even among those of
the same type and can be readily observed by employing the

direct line comparison technigue previously described.

Figures 48-55 show the corrected measurement of
reflection magnitude and phase of an open circuit for each

of the lines.

————— g~
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The magnitude plots are virtually the same, but as
would be expected, the phase plots are quite different.
Even the "short" and "long"” line exhibited different phase
characteristics and they are of the same construction
except for length. There is also no apparent correlation
between the phase variations of the open circuits of the
same sex either. The phase characteristics of the SMA
open circuit are, therefore, more dependent upon the
interconnecting line characteristics than on the general
construction of the line or the connectors. This evidence
supports the earlier claim that it would be practically
impossible to characterize an SMA open circuit without

specifying the transmission line defining zero reflection,

The final set of results contain the reflection
plots for the direct comparison of each transmission line
against each of the others for 14-16 GHz region.

Figures 56-57 show the magnitude and phase plots of the
comparison "our" line versus "our" line. Indeed, the
magnitude and phase are zero as would be expected when
comparing two identical lines. Figures 58-81 show the real
and imaginary components of the reflection for each of the

other comparisons.

Three noteworthy observations can be made., First,

two lines of the same construction, but different lengths,

2N o R R A - T
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would be expected to match well, Looking at the results
of the "long" vs. "short" line, one can see that they do

match quite well, but they are also not identical.

Second, when comparing the "long" versus "short"
and then the "short" versus "long" (or any other analagous
sets of data). One can see that real and imaginary parts
for one comparison are reflected from zero in the opposite

comparison, as would be expected.

Third, it is clear that the characteristics of the
"spline" line are very much different from those of the
other three lines. On the contrary, the characteristics
of the other three lines do not differ widely. Apparently
the "spline" line does not have a 50 + jO ohm character-

istic impedance.

e i




:m{r’

o,

Ll

155

EXTENSION OF ADAPTER CORRECTION TO TWO-PORT DEVICE DE-

EMBEDDING

Up to this point, discussion has been limited to

l-port reflection measurements. A large proportion of

microwave devices are two-port in construction and cannot

be fully characterized by reflection measurements only.

Therefore, a method of extending the adapter correction to

two-port measurements needed to be developed. One method

will now be described.

In connection systems such as SMA there are two
types of two-port devices: insertable, which have one
female and one male connector, and noninsertable, which
have the same sex connectors at both ports, be they male
or female. As a consequence, any adapter kit used for
general two-port measurements must include two adapters
for each sex and the same sex adapters cannot be assumed
to be identical. Therefore, a method of measuring the
scattering matrices of these four adapters in order to

de-embed the scattering matrix for the DUT will now be

presented,

Let A and B represent the scattering matrices for

the adapters of one sex and C and D of the other. It will

be reasonably assumed that all adapters are passive and

reciprocal, that a proper APC-7 calibration has been ac-

Ve P tre g A . tm o ampmetas
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complished and that all measurements are corrected for
system errors against this calibration. (Note that the
DUT need not be reciprocal.) Also, discussion will assume
that SMA adapters are being used, but the method is di-

rectly applicable to any type of adapter.

Letting the APC-7 end of one sex adapter, say
female, be port 1, the SMA end be port 2, the SMA end of
the male adapter be port 3, and, finally, the APC-7 end of

the male adapter be port 4, one obtains the following

flowgraphs:

Female Male
Ay Ca3
> >

A Ly < >C33 Cs4q

< <
A2 Ci4

B D

21 43
N ~
- ol
>11 322‘{ >D33 D44
< <
B2 D3y

Fig. 82. Flowgraphs for one set of four
adapters.
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All’ Bll' C44, and D44 can be found directly by
measuring the reflection of each adapter when terminated
by a matched load (fixed, sliding, or, as previously
discussed, the Running Averaged load and line) on the SMA

end.

Reflection measurements are next made on each
adapter with a zero-plane short circuit attached to the
SMA end. The following equations result where Fl, Fz, F3,

and T, represent the measurements on the A, B, C, and D

4
adapters, respectively.

(A21)2 (-1) :
r. = A + (32)
1 11 1 + A22
@)% (-1)
r. =B + (33)
2 11 T+ 5,
(Cyq)? (-1)
r,=2=¢ + (34)
3 44 T+,
(0,52 (-1)
Ty = Dyt T+, (35)

—— v
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. . 2
By rearranging Egs. 32~35 and solving for A21’ BZl' C43

and D§3, one obtains

11 - T (34 Ayy)

Byp = (Byy = Tp) (1 + Byy)

2 _

Caz = (Cqq = T3) (1 + Cy3)
p2. = (D,, - I',) (1 + D,.)
43 48 = T4 33

Now attaching the SMA ends of A and C and of B and D

(36)

(37)

(38)

(39)

together, one makes reflection measurements on each end of

each adapter pair with the other end terminated with a

matched load, obtaining

(40)
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) ,
: G453 By
: Te =T —=a ¢ (41)
3 22 €33
:
4 )
8 B D
1 r, = =33 (42)
i 22 P33
,
p
; 2
_ Dy3 By
ry = y—a—22 (43)
22 D33

where FS' FG, F7 and FB are the measured reflection. Re-

arranging Egs. 40-43 yields

- \
Ps(l A, C

33
2 _ T7(1 = Byy Diy)
}321 = ) (45)
33
2 _ Tgll = Ry Cy3)
C43 = = (46)
22
2 Tg(l - By, Dy) .
D43 = -5 (47)
22




Appropriately equating Egs.

rearranging terms yields

36~

39 to Egs. 44-47 and

160

(48)

(49)

(50)

(51)

Solving

< = Fs _C33(1 *+ Ay))
| 1 A, =T L =3,,Cy
5
. = 7 Dy3(l +By))
' 2 By =T, 1 =By, Dy,
. = Tg _ Bppll + Cyy)
3 Chy-T3 1 -2,,Cy,
< = Fg Byl + Dy5)
4 Dyy =Ty 1 =By, Dy;
where Xl' xz, X3, and X4 are calculable as shown.
for C33 in Eq. 48, D33 in Eq. 49, A22 in Eq. 50, and 822

in Eq. 51, one finds

33 f+A2 + X 22

,F—L
|
|

(52)
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X,
D.. = (53)
33 1+ By, + X, B,
| .
3 A = (54)
i-: 22 T + C33 + x3 C33
b
X,
B = (55)
\ 22 T T D,, + X, D,;

b Substituting C33 in Eq. 52 into Eg. 54 and D33 in Eq. 53

: into Eq. 55, we find

22 = ¥+ T (56)

B2 = %I (57)

i Substitution of A22 and B22 intc Egs. 52 and 54 permits

calculation of C33 and D33.

Since two possible square roots exist for any

comg 'ex number, each separated by 180° from the other in

L_m—?—"—h"""“L" e
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the complex plane, it first appeared that a method of
choosing the correct root would be necessary. However, it
was observed that since the adapters are always used in
pairs, and since the roots differ only in sign, it is not
necessary to solve for the correct root. All that needs
317 Cayr and Dy

are all correct or *that all are incorrect because the

to be known is that the roots of A%l, B

products A21C43, A21D43, etc, representing the trans-
mission paths through the adapter pairs will be equal in
either case. This observation greatly simplifies the task

of finding -the roots.

One method is to measure the transmission through
adapter pairs combined in three different ways. For

example, let T T and T

1 = P21C437 Ty = By D4y 3 = By;1Cy5e

Then solve for one root of A21, 321, C43, and D43 (Ar, B_,

Cr’ and Dr' respectively).

If angle (ArCr) # angle (Tl), then reverse the sign
of either Ar or Cr' Otherwise, accept the signs as they
are., Secondly, if angle (Brcr) # angle (T3), then reverse
the sign of Br; otherwise accept it. Thirdly, if angle
(BrDr) # angle (Tz), reverse the sign of Dr; otherwise,

accept that one,

— s

. YOS
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' Cr’ or

Dr are all correct or they are all incorrect, exactly the

At this point, either the signs of Ar, Br
information needed to proceed with the de-embedding of the
scattering matrix of a DUT connected between any pair of
adapters. It is important to note that the numbering of
the ports has been chosen for convenience here, and that
they can be represented in any suitable manner. Note that
the adapters are reciprocal and that the forward and

reverse transmission parameters of each adapter have been

freely interchanged.

Now that the scattering matrices have been found
for each adapter, de-embedding of +i.e scattering parameters
for the DUT alone can be performed. By de-embedding one
adapter at a time, one avoids solving a pair of complex
quadratic equations and an expiicit solution can be
obtained with gratifying simplicity. This procedure is
much easier to understand and implement than a previous

technique presented by Saleh (Ref. 14).

For the sake of discussion, let's assume that a
scattering matrix E is measured for a DUT in combination
with adapters A and C, as above, even though any pair of
adapters can be used. Treating the DUT and adapter C as a
lumped device with scattering matrix &, E can be repre-

sented by a model as illustrated below.

LAPY
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1 E 2
1 2 1 2
A P-4
Fig. 83. Model for separating adapter A
from lumped device £&.
From the flowgraph for the model above the following
equations result,
2
A, &
21 711
E = A + (58)
11 11 1 A22 211
Y
Ej, = —y (59)
22 711




RTE
21 T T= Ay, A5

_ £y1 812 By,
Eyp = %op * T %
22 11
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(60)

(61)

Since the scattering matrix A is known, matrix 8 can be

derived from the measurements of scattering matrix E.

£, - 11 ~ ™M
A + E A -

g - 21t = Ayp By
21 A
21
g - BEj,(1 - Ay, &)
12 Ry
& -k 21 %12 A
22 = Bz A
22 711

(62)

(63)

(64)

(65)
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Lastly, it is necessary to de-embed the scattering matrix

S for the DUT from 8, The following model is then employed.

-

Fig. 84. Model for separating adapter C
from DUT.

From this model one finds

S,., S,;, C
21 °12 "33
& =S, + == (66)
11 11 7 T'-5,, Cyy
S,, C
21 ~43
L = (67)
21 - T-5,, Cy5
S,, C
3
£ = T (68)
22 ~33
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2
£ = o+ a3 %22
22~ Caa * TS, o3

(69)

As can be seen, the explicit solution for scattering matrix

S can be obtained from these equations yielding

~ %52 = C44
Sy, = =3 (70)
Caz * &2 C33 = C33 Cyy
_ B3 (1 = Sy, Cy3)
43
_ 8151 = Sy, C33)
Sy, = — (72)
43
S.. S.. C
_ _ 512 5331 ©55
$19 =F11 " T-35—=< (73)

22 733

Thus, it is clear that by using this method of
adapter correction and de-embedding for two-port devices,
the scattering matrix for any DUT can be obtained without
iteratively solving simultaneous complex gquadratic e-
quations and only with reference to zero~plane short-

circuit and matched load standards.
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CONCLUSION lées o

What have been presented here are new and inno-

.

vative techniques for calibrating Automatic Microwave
Network Analyzers (e.g. HP 8542B) to make complex re-
flection measurements., These techniques offer significant ¢
advantages particularly when making measurements using

miniature connector systems.

It has been shown that, by using the experimentally
derived characterization of an APC-7 open circuit as a
high reflection standard, band edge discontinuities can be
eliminated with no loss of measurement accuracy. Use of
multiple offset shorts is no longer necessary resulting in
fewer connection requirements. This decrease translates
into less wear of measurement port connectors or, more

basically, lower maintenance costs.

The adapter correction based on low dissipative
losses permits measurements in other connection and trans-
mission formats without the need for a full calibration
; kit or process in the adapted format. This greatly reduces
operating costs, requiring fewer standards and connections g
especially in the delicate and easily damaged SMA trans-

mission system,

Finally, the use of a known length of terminated
transmission line and the Double Running Average, instead

of a sliding load or fixed termination, to characterize a

.
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|

i perfectly matched load offers a means of establishing a )

| low-reflection standard truly relevant to the measure- s

ment medium when using dielectric filled lines for inter-

; connection. This technique eliminates the need for air
sliding loads in the adapted formats (particularly the
delicate SMA), excludes the possibility of encountering
defective calibration due to divergences of the circle

fitting algorithm and enables direct comparisons of differ-

erent transmission lines.

Thus, at the relatively insignificant cost of
increased computer memory and slightly longer calibration
times, important cutbacks in maintenance and equipment
costs and greatly decreased operator assistance during
measurements can be realized for existing types of
measurements. Measurements of exotic transmission lines,
such as microstrip, slotline, and dielectric image guide,
and of any transmission formats developed in the future,
are not only possible, but are easily accomplished without

the need for perfect or sliding loads.

+
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APPENDIX

This appendix contains the listings of the special
software mentioned in the chapter entitled Frequency
Characterization of APC-7 Open-Circuit Reflection. These
programs used the HP error-correction algorithms, but they
allowed specification of offset lengths for the zero-and

A/4-planes,

Also contained in this appendix are sectioned views

of two typical SMA connectors.
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PRAGE 1

EM THIS PROGRAM DEYELOPED ON 2-20-80. IT USES COMPLEX
EM AVERAGED -LID SLIDING LORD AND OFFSET REFEREMCE PLANE
EM THORTS RS FEFERENCES TO SMERIURE OPEN CIRCUIT PEFLECTION
EM REVY 3681 REM 3-6-81 1tANUdL .S
COM KC2%11,BE2511,RC2%13,A02%13,UC2%11,TC2%1]1,FC251),NL12]
DSPLAY "FREQ(MHZ) - START,STOP,STEP*;
BELL
INPUT F1,F2,%
REM CALCULATE NUMBER OF FREQUENCIES OF INTEREST
LET Nel+(F2-F1).,3
REM INITIALIZE RF MEASUREMENT EQUIPMENT
FCALF(F1)
BCNT1 (F1)
33ELL(11)
WAIT (50)
REM CONNECT APC-7 REFERENCE PLANE SHORT AND MAKE
REM MEASUREMENTS
DSPLAY "CONNECT REFERENGE PLANE SHORT"
PAUSE
FOR 1=1 TO N
REM CALCULATE AND STORE FREQUENCIES OF INTEREST
LET FLI1xFi+t1=-1)#S
FEM INIALIZE TO ZERO RERL AND IMAGINARY PARTS OF SLIDING
REM LOAD COMPLEX SUM
LET UlI3laB
LET TCl3=®
REM MAKE MEASUREMENTS ON REFERENCE PLANE SHORT
FREQZ (FLI)
MEASL (150@,%,Y)
CPAK(X,Y,ALI])
HEXT 1
REM CONNECT SLIDING LOARD AND MRKE 6 MEASUREMENTS AT EACH
REM FREQUENCY OF INTEREST AND ACCUMULATE SUMS OF REAL AND
REM IMAGINARY PARTS
DSPLAY “"COMNECT SLIDING LOAD®
PAUSE
FOR Jal TO 6
IF J=1 GOTO 400
REM SLIDE SLIDING LOAD LAMBDA-12 FOR PRIMARY FREQUENCY
DIPLAY "SLIDE"
FAUZE

HEAT J
FEN PERFORM COMPLEX RAVERRGE
F3Fr 121 TGO N
CPAK(UCIY,TCIY,BCI)
CPAK (6.8 ,%
CDIVIBLLIT,Z.BLID)
LET UEI)=sRERIBLID)
LET T{Il=InMGiECT]
HEVT T
SE OITOFE LOCAL YARIAELED IN COMMON
LET il lafi
LET HIZlaF2
LET HU3 el
LT HET laN
FEN OAUTORATICALLY LOAD YEMT FRPOGRANM
CHATHD L AN, T

Fig, 85. Program 1 for open circuit phase
measurement.
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1@9
15@
160
16
126
294
220
230
240
260
230
329
340
350
380
499
410
s11
420
421
a4
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2153
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PAZE 1

REM THIS PROGRAM DEVELOPED ON 6-3.79. IT IS A CONTINUATION
REM QF 1:RHNII41 .2 FI3R MEARSURING THE REFLECTION 2JF AH OPEMN
REM CIRCULT
REM  REY 3,681 REM 3/6-81 11ANU42.S
COM CCL251.31.L02513,002%13,502%511,U02%11,TC2%1),FL2%1),N(101
FEM LOAD LOCRL YARIABLES FROM COMMON
LET -=H[&1
LET Fi=N[11]
LET FZaN[Z2)
LET N=N[T1
REM INITIALIZE RF MEASUREMENT EQUIPMENT
FCALF(F1)
BCNT11F1)
STEL1(11)
WRIT (58)
REM MAKE MEASUREMENTS ON OFFSET SHORT
D3PLAY "CONNECT OFFSET SHORT"
BELL
PRUSE
FOR I=1 TO N
FREQ2(FLI1)
MEAS1(150,%X,Y)
CPRAK(X,Y,0C011)
NEXT 1
REM READ IN DIFFERENCE IN LENGTHS BETWEEN REFERENCE
REM PLANE SHORT AND OFFSET SHORT
DSPLAY "WHAT IS OFFSET SHORT POSITION (CM) COMPARED TO"
D3PLAY "REFERENCE PLANE SHORT"j
BELL
INPUT C9O
REM CONVERT LENGTH TO RADIANS PER MHZ
LET C9u-CO#242.0965E~04
REM INITIALIZE (1,3) AND (-1,0) CONSTANTS
CPAK(1,0,D2)
CPAK (-1,08,D3)
FOR Ial TO N
PEM CORRECT OFFSET SHORT PHRSOR TO LAMBDA-4 POSITION
FEM COMPRRED T REFEREMCE PLANE SHORT
PCFT!O,FC13,C9,D3,P1)
FEM CALCULATE ERROR CORRECTION COEFFICIENTS
FEM C( C(I,2)mE@1, C(!,31aE11
c (1,11
N
’

3
1

]
Dt

1
’
3
1

e e et
——a -

CADD 1 RS

WETO T, DO Z O e
e e e e B rae W o =
Lie treise = s« = w 3O
M Pe o o CINZDZ OO
LI W L) Y e (e = O
L e e =~ w e e D
s e e e e
DO e @
—— e e
e e w =T~
-

LEJT 1
5] CHEIH L rRrbIS T, T

Fig. 86. Program 2 for open circuit phase
measurement,
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NN
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THIZ PPOGRAM DEVELOPED ON 11-/15,78,
AF 1:ANULZ.C FOR MERSURING THE REFLE
CIRCUILIT
REY 3,521 REM 3-6-81 13

c{2%51,23,Kk02311,RC2311,8C02511,UC2%11,
LOARD LNCRAL VARIABLES FROM COMMON
TaMlB]
Fi=NC1
Fo=N[2
H=NCT
INITIR
LF(F11
NT1(F1)
EL1fL 1)
IT (S
M CONNECT OPEN AND MAKE MEASUREMENTS
PLAY "CONNECT OPEN"
USE
R I=1 TO N
EQ2(FCI1])
AS1 (159 ,4,Y
AK (X ,7,3C11
XT 1

S A CONTIMUATION

T 1!
TIDH OF AH OPEN

O -

ANL4Z, S
TL2311,FL2%11,M0191

]
]

LIZE RF MEASUREMENT EQUIPMENT

)
)

PEM READ IN LENGTH OF SHORT USED FOR REFERENCE PLANE
DSPLAY "WHAT IS POSITION OF REFERENCE PLANE(CM) “;
BELL

INPUT M1

PEM CONYERT LENGTH TO RADIANS PER MM2

LET Mi=-M1+222 ,296%E-24

R
[»
R
R
F
[»
>4
[
[»f
[
[
P
H
c

EM INITIALIZE (1,0) CONSTANT

PAK(1,9,D2)

EM CORRECT OPEN CIRCUIT MEASUREMENTS WITH ERROR
EM CORRECTION COEFFICIENTS

OR Ist TO N
SUB(SCIl,CCI
pIvicel,21,D
ADD(D1,CCL,3
DIV(D2,Dt,SC
EM ROTATE CO
EM REFERENCE
SFT(B,FCII,M1,5013,SC11)
ERT 1

HAINI"1:ANU44 ,5")

ECTED OPEN CIRCUIT MEASUREMENT TO 9-PLANE

Fig. 87. Program 3 for open circuit phase

measurement,
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FAGE 1
1 REM THIS PROGRAM DEVELOPED ON 108-11-,7% AND IT
2 FEM QUTPUTZ THE DATA GENERRTED BY ANU41.S, ANU42.3, AND
2 REM ANU43.S TO THE VIDEOC PLOTTER
4 REM REV S-1rs81 REM 3-20-s21 1:ANU44 .S

2 COM RC2511,BL2%11,C(251
3 cCoM ULSS13,TL2511,FL231
35 REM RECALL LOCAL VRRIRE

43 LET ZI=HNM[&1]

156 LET HaN{
198  REM INIT
208 BUF 108
220 CLERP (@)

«31,KL2%1),RI2511,M(2511
I,N[181
LES FROM COMMON

LI2ZE GRAPHICS DISPLAY AND BUFFER

230 DSPLAY "WHAT IS Bt AND Ti1"3

23s INPUT BL1,Tt
2606 LET 21=/Ti-Bl)-10@

279 REM CLERAR CRT, SCALE,

286 CLERAR(3}

668 SCALE(FS,F6,B1,T1)
580 LET F3=(F6-F%S)~-10
Te® SAXES(F3,31)

710 LABEL VYTAB( sTAB(

13) [}
?20 LABEL YTAB(16) ,TABI(O
31) 2

740 LABEL VYTRBI(
768 BLOCK(B2)
T80 FOR J=if TO N

s TAB(

s "REFL™
s "REAL"
)

)
)
8) ,"FREQ(MHZ) "

290 PLOT(FLI],REA(MCI]),2)

320 NENT I

926 BELL

949 PAUSE

958 REM CLEAR REAL PLOT
962 CLEAR(®)

970 SAXESI(F3,S1)

¢?5 LABEL VTAB(135) ,TAB(9
%30 LABEL VYTAB(16) ,TAB(O

1980 LABEL YTAB(31) ,TAB(
1929 BLOCK(B2)

1948 FOIF I=1 TO N

1968 PLOTIFLII,IMG(MLI])
1938 HELT I

1166 PRUIE

129 CLERRIB)
149 DIZPLAY "WHAT 1S B2
168 ITHPLUT B2,T2

CLEAR (D)

LET S2=(T2-B2)-10
TCALE(FS,F5,B2,T2)
CAVETIF3,52)

LAEEL YTRR(3I1 ,TARC

ELOCKIEZY

FOF =1 T M

CLOTHVFLIY  HAG(MCLTI
T 1

IRIPTONS I VN AN VN JON (U

[N B A RNV O i O ]
SOOI SO

O e

-

T My

Fig. 88. Page

LWBEL Y“TAB115),TAB(O),
LABEL YTARM1&) ,TRE(Q) ,"MAG"
)

AND PLOT IMAGINARY PART

} ,"REFL"
) ,"IMAG"
28) ,"FREQ(MHZ) "

y2)

AND T2%;

FEM CLEAR DISPLAY AND PLOT REFLECTION MAGNITUDE

"REFL"

22

LUFPED(MHZ) "

e

y -

1 of Program 4 for open

phase measurement.

AND PLOT REAL PRRT OF REFLECTION

circuit
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FAGE 2

PEM CLEAR MAGNITUDE PLOT AND PLOT REFLECTION AN, F
CLERR ()

LEY B3=-1889

LET T3=189

CLERR (@)

LET 2=(T3-B3)-10

SLALEIFS . F&.B3,T3)

TRRESIFR,33)

LABEL YTRBU11S),TRB(O? ,"REFL"

LABEL VTABi16) ,TREB(O) ,"ANG"

LARBEL VYTREB(31),TRAB(28) ,"FREQ(MHZ) "

BLOCK (BZ)

FOR l=el TO N

PLOTIFLIJ,ANG(MITI1) ,2)

NEXT I

REM CLTAR DISPLAY AND PRINT ALL RESULTS UPON RERUEST
PRUSE

CLERR (D)

DSPLAY "WANT TO PRINT RESULTS(1=YES,2=NO) "
INPUT HI

IF His1 GOTO 9000

PRGE

CLERR (@)

PRINT "“FREQ(MHZ) REFL (RER) REFL (IMG) REFL (MARG)
PRINT “REFL (ANG) "

PRINT

FOR ls1 TO N

REM SET OUTPUT FORMAT IN BASIC NOTATION
FDSP(FL11,7,0)

DSPLAY * "y

’
FDSP(RER(MILII),6,3)
DZPLAY " v
FDSPIING(MLI)) ,6,3)
DSPLAY " "
FDSP(MRG(MCTI1) ,6,3)
DIPLAY " L
FOIPIANG (MIIYY ,5s,1)
LIPLRAY
NE®T I
CLEAR D)

LREBEL "REZET SWITCH TO CRT"
FRUSE
END

Fig. 89. Page 2 of Program 4 for open circuit

phase measurement.
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Fig. 90. Sectioned view of
OSM 207-9776SF :
Female SMA . ‘
connector. '

Fig. 91. Sectioned view of

Narda 4401 Female
SMA coconnector.
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